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Abstract
Wireless communication systems can be optimised through more accurate radio modelling 
processes. Ray-tracing methods, based on geometrical optics (GO) and the uniform theory of 
diffraction (UTD), have emerged as the preferred technique to predict the electric field 
distribution and area coverage in both indoor and outdoor enviromnents. There have been a 
number of investigations on improving the accuracy of ray-tracing methods in both indoor and 
outdoor environments, but few pay attention to the inner structure of the walls. In existing ray- 
tracing algorithms, wall structures are usually modelled as half-space materials or dielectric slab 
and layered models, with reflection and transmission characteristics calculated by Fresnel 
coefficients. These models are good approximations for homogeneous wall structures where a 
substantial specular component dominates. However, when the wall structure possesses periodic 
variations, standard GO ray-tracing is insufficient to accurately model radio propagation through 
building interfaces, for coverage and interference studies, as significant power can be carried 
away from the periodic wall in non-specular directions. Therefore, more accurate models are 
needed to take into account the effect of these periodic wall structures on radio wave propagation.
The work presented in this thesis concentrates on the investigation of transmission and reflection 
characteristics o f common periodic building structures. Propagation properties of building walls 
in terms of transmission and reflection characteristics are examined theoretically by the proposed 
3D modal transmission-line (3D-MTL) and rigorous coupled-wave analysis (RCWA) methods. A 
novel deterministic hybrid model combining ray-tracing and RCWA is developed to predict radio 
propagation through building interfaces from outdoor to indoor environments. It was shown that 
the proposed hybrid method can produce more accurate results than the ray-tracing model.
Key words; radio wave propagation, ray-tracing, periodic wall structure, modal transmission-line 
(MTL), rigorous coupled-wave analysis (RCWA) and hybrid model
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Chapter 1. Introduction
Chapter 1
1 Introduction
1.1 Overview
The first generation of wireless communication systems appeared in the 1980s and was based on 
analog technology with FM modulation. In the early 1990s, the second-generation (2G) digital 
cellular systems appeared with different standards, including the Global System for Mobile 
Communications, i.e. GSM (Europe), IS-54/136 and IS-95 (North America) and Personal Digital 
Cellular (Japan). 2G systems improved spectral efficiency and provided speech and low data rate 
services. With the imminent deployment of third generation (3G) mobile communication systems, 
such as UMTS and IMT2000, which support a range of voice, data and multimedia services at 
high bit-rates, traffic requirements are about to increase even more. Wide-band and broadband 
radio technologies will be necessaiy. Nowadays, fourth-generation (4G) systems are being 
discussed [1]. The 4G systems will provide an all IP network that integrates current services and 
provides new broadcast, cellular, cordless, WLAN and short-range communication services.
Unlike a wired conununication system, which has a constant transmission channel, radio channels 
are random and their characteristics are hard to predict, especially when one o f the terminals is in 
motion. Therefore, wireless channels can pose substantial difficulties and limitations in the design 
and performance o f a wireless communication system.
One of the main objectives in the performance of wireless systems is to satisfy the huffic demand 
of all potential users with a minimum standard of quality based on the received signal. The quality 
o f the signal is strongly dependent on the propagation conditions between the transceivers. When 
designing these systems, it is veiy important to create an interference free environment. To 
achieve this, one needs to understand radio channel characteristics.
An understanding of the radio channel is an essential part for solving any wireless related 
problem. In order to estimate the signal parameters of a wireless system accurately, it is necessary 
to know the radio propagation characteristics through the propagation medium. Since field 
measurements are time-consuming and costly, propagation models have been developed as a 
suitable, low-cost and convenient alternative. Radio propagation models provide large-scale path 
loss and small-scale fading statistics information, which are essential for the optimal design of
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wireless communication systems. The large-scale path loss is vital for the determination of 
coverage of a transmitter and in optimizing it [2]. The small scale fading provides statistical 
information on the local field variations, which can be used to improve receiver design, 
modulation and coding schemes to better combat fading, and to decide on suitable data rates to 
reduce intersymbol interference (ISI).
Thus, accurate prediction of the radio-behaviour o f wireless communication systems is crucial to 
system design. A large number of empirical propagation models have been developed in order to 
estimate the received power levels in outdoor and indoor environments. Although easy to apply, 
empirical models rely on measurements and cannot provide a veiy accurate estimation. On the 
other hand, deterministic propagation models, which are based on the application of 
electromagnetic techniques, tend to be more accurate.
Radio propagation studies are becoming more and more important due to the fact that many 
personal communication systems are also deployed in indoor environments. Smaller cell sizes, 
higher frequencies, and more complex propagation environments such as walls with periodic 
variation and windows need to be more accurately modelled and site-specific propagation 
prediction models need to be developed to achieve optimum design of current and next-generation 
communication systems.
1.2 Objectives
Outdoor and indoor radio channel characteristics are strongly influenced by the building 
interfaces, i.e. wall and window structures. The proliferation of mobile radio systems over the past 
decade has generated great interest in the reflection and transmission properties of commonly 
used building materials at different radio frequencies. Accurate modelling o f wave propagation 
thi'ough buildings walls has a significant impact on radio network planning and optimisation.
The ray-tracing method can be considered as one of the most widely used methods for accurate 
and site-specific propagation modelling and has received intensified attention. Based on 
geometrical optics (GO) and the uniform theory of diffraction (UTD), ray-tracing has emerged as 
the preferred technique to predict the electric field distribution and area coverage in both indoor 
and outdoor enviromnents. In typical ray-tracing algorithms, wall structures are usually modelled 
as homogeneous half-space materials or dielectric slabs. Only specular components o f transmited 
and reflected fields by walls are included due to the nature o f GO, with reflection and 
transmission characteristics calculated by Fresnel coefficients. However, when the wall structure 
possesses periodic variations, it is proven in [3] that significant amount o f power can be scattered 
from the walls in non-specuair directions, therefore standaid ray-tracing is insufficient to 
accurately model radio propagation through periodic building interfaces, for coverage and
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interference studies. In modern buildings, two types of periodic walls are commonly employed, 
namely concrete block walls, created by the interior webs and void design of individual block 
inside the wall, and reinforced concrete walls, made up of a steel bar/grid embedded in a slab of 
concrete.
The main objective o f this research work was to study the transmission and reflection 
characteristics o f complex periodic wall structures, commonly used by the building industry, and 
to modify standard ray-tracing approaches, in order to improve their accuracy in such 
environments. A sequential approach was used to carry out this investigation, where the following 
intermediate objectives were identified, corresponding to the different stages of the investigation.
■ To study the radio wave propagation mechanisms in a wireless propagation channel and 
to carry out a comprehensive literature survey on the existing radio propagation models.
■ To review ray-tracing propagation models and develop a deterministic ray-tracing model, 
looking into the fundamental limitations of existing algorithms and factors influencing its 
accuracy.
" To characterize walls of complex structure having a periodical variation. Investigate and
analyse plane wave propagation though a typical periodic building wall structure,
therefore modelling the transmission and reflection characteristics of commonly used 
building sti'uctures.
■ To develop a hybrid ray-tracing model that can improve the accuracy o f existing ray-
ti acing methods when propagating through a periodic structure and study the effect of this
type of structure on radio wave propagation.
1.3 Structure of Thesis
This thesis consists of 8 chapters.
Chapter 2 provides a brief insight into radio wave propagation by covering the basic principles of 
electromagnetic wave propagation, relevant to path loss predictions in wireless channels. It also 
reviews commonly used radio propagation models.
Chapter 3 reviews and investigates ray-tracing deterministic models. In recent years, ray-tracing 
has emerged as the preferred technique for radio coverage prediction for micro and picocellular 
networks. Related mechanisms and a survey on the related work aie also presented, thus 
identifying the main mechanisms to be incorporated in the deterministic modelling process.
In both indoor and outdoor environments, buildings play an important role in the modelling 
process. Propagation through and from building interfaces is a complex process, affected by
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several parameters such as the electrical properties of the material, the angle o f incidence and the 
presence of windows. Radio propagation through a building’s windows is an important 
mechanism since windows can act as a low loss propagation path, channelling radio signals into 
buildings while at the same time rarely reflecting signals. Chapter 4 presents a comprehensive 
review and analysis of existing deterministic methods for radio propagation through windows. 
The performance of each different model is briefly described and comparatively analysed. The 
understanding o f radio propagation mechanisms becomes important for not only predicting 
coverage to a particular mobile user, but also for predicting the interfering signals that a user will 
experience from other RF sources. As an example, this chapter implements a ray-tracing tool, to 
predict coverage and possible co-channel interference within and between buildings. Environment 
impact on the prediction of radio wave propagation is examined and factors influencing its 
accuracy are highlighted.
As ray-tracing tools require detailed environmental information, it becomes increasingly 
important to understand the reflection and transmission properties of building structures. Chapter 
5 and Chapter 6 concentrate on the study of radio wave propagation thr ough a building wall, 
which possesses a complex periodic variation.
Chapter 5 investigates plane wave propagation through a typical periodic building wall structure, 
under a three-dimensional incidence case. The transmission and reflection properties of concrete 
blocks and reinforced concrete walls are analyzed by utilising the proposed 3D modal 
transmission-line (MTL) method.
As an alternative method, the rigorous couple wave analysis (RCWA) method is presented in 
Chapter 6. This method solves the reflection and transmission coefficients for an electromagnetic 
plane wave, obliquely incident onto a periodic multilayer building structure. Details o f the 
modellmg approach and the main results obtained are also described. Furthermore, an 
investigation o f the transmission loss due to the periodic structures is can ied out.
Chapter 7 aims to bring the individual elements of the work together, in which a hybrid model is 
proposed for radio wave propagation through periodic wall structures. A deterministic hybrid 
approach, based on a ray-tracing method and RCWA is developed to study the radio wave 
penetration through the periodic wall structures in an outdoor to indoor environment. The existing 
ray-tracing approach is modified to model the enviromnent with the complex periodic structures, 
aiming at a more accurate theoretical solution than standard ray-tracing models.
Chapter 8 draws conclusions of this particular research work and presents some future work that 
can be taken forward. This work addresses an important issue on propagation through periodic 
wall structures and has provided new insights on the hybrid deterministic modelling when radio 
waves propagate through periodic building interfaces. Therefore, further investigations are crucial
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for optimising the existing ray-tracing models, as well as developing new algorithms that would
consider more complicated applications.
1.4 Achievements
■ A hybrid ray-tracing model for radio propagation through complex building interfaces.
■ A rigorous coupled-wave analysis (RCWA) method for predicting plane wave 
propagation through periodic building structures.
■ An extension o f 2D modal transmission-line (2D-MTL) to a 3D solution (3D-MTL) for 
predicting plane wave propagation through periodic building structures.
■ An investigation of the non-linear behaviour of radio transmission losses due to periodic 
wall structures.
■ A 3D ray-tracing tool to assess the enviromnental impact on radio propagation prediction 
within and between buildings.
■ A comprehensive comparison o f radio propagation models through windows.
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2 Background
The necessary propagation theory is briefly presented in this chapter, starting with Maxwell’s 
equations and their plane wave solution. Key properties of electromagnetic waves travelling in 
free space and other uniform media are summarised. The fundamental principles of radio 
propagation mechanisms are described. Commonly used propagation models for both indoor and 
outdoor environments are also reviewed.
2.1 Maxwell’s Equations
The fundamental equations governing the behaviour of electromagnetic fields were formulated by 
Maxwell in 1865. Maxwell’s equations define the relationships between the electric and magnetic 
field variations in time and space as follows [4]
V x H ^  —  + J  (2.1)dt
(2.2)dt
S7-D = p  (2.3)
V 'B  = 0 (2.4)
where E  is the electric field intensity (V/m), H  is the magnetic field intensity (A/m), D  is the
electric flux density (C/m^), B is the magnetic flux density (W/m^), J  is the current density (A/m^)
and p is the electric charge density (C/m^).
These equations combine a set of basic laws, previously defined by other scientists. Summarising 
the physical meaning of Maxwell’s equations in simple terms [5]:
■ An electric field is produced by a time-varying magnetic field.
■ A magnetic field is produced by a time-varying electric field or a current.
■ Electric field lines may either start or end on charges, or are continuous.
■ Magnetic field lines are continuous.
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2.1.1 Constitutive Parameters
Thi'oughout the rest o f this analysis the effect of the media in which the electromagnetic wave 
propagates will be considered. The propagating wave interacts with the charged particles in the 
medium. Constitutive parameters are introduced to characterize the electrical properties o f a 
material. These are:
■ Permittivity e (F/m).
■ Permeability p  (H/m).
■ Conductivity a (S/m).
The permittivity and permeability are normally expressed relative to the values in free space
P ~ BaP-r (2.5)
s  -  S q S,. (2.6)
where pr is the relative permeability and Sr the relative permittivity, with pq, sq the values in free 
space given by pq ~ An x 10'  ^ H/m and sq = 8.854 x 10'^  ^ F/m. Media whose constitutive 
parameters are not functions o f position are known as homogeneous; otherwise they are referred 
to as nonhomogeneous.
2.1.2 Plane Wave Solution
Since the general behaviour o f a wave as a function o f time can be expressed as a superposition of 
waves at different frequencies using a Fourier transform, thus it is sufficient to analyse the 
characteristics of a single frequency wave, often called a time-harmonic wave [4]. In the 
following the time dependent term exp(/cüf) has been omitted since it applies to all field 
expressions used.
By utilising the constitutive parameters of the medium, relations between E  and H, as well as 
between D  and B, can be defined. Combining these with Maxwell’s equations, it can be shown
that a plane wave solution satisfies the equation [4]
( v ^ - / " ) s , = 0  (2.7)
where E, is the scalar component of the electric field. The term y is the propagation constant, 
which can be defined as
y = V = a + jJ3 ■ (2.8)
where a is the attenuation constant and f  is the phase constant, which depend on the medium’s 
constitutive parameters and the frequency of the wave. The plane wave solution can be found by
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using the method of separation of variables. The electric field can then be expressed, using a 
complex representation [6]
E = E(,e-^% = (2.9)
where Eo is the electric field amplitude. This solution represents a plane wave, propagating along 
the z-axis with the E  and H  field perpendicular to each other and to the direction o f propagation of 
the wave. The alignment of the electric field vector of a plane wave relative to the direction of 
propagation defines the polarisation of the wave. The waves in this example are lineaiiy 
polarised, since the electric field vector has a single direction (parallel to the x  axis). Using the 
mediums characteristic impedance
where Eo is the magnetic field amplitude. The magnetic field equation can also be obtained
E  = (2.11)
2,1.3 Boundary Conditions
When the propagating wave encounters an interface between two different media, the electric and 
magnetic fields must satisfy certain conditions.
The tangential components o f E  and E m ust be continuous, respectively, across the boundary [4]
MXE, =MXE2 (ZUO
MX E l = MX Eg (2.13)
where h is the unit vector normal to the interface. These boundaiy conditions effectively define 
the effects of refraction and reflection, analysed in the next section.
2.2 Propagation Mechanisms
A radio signal is an electromagnetic wave whose behaviour can be characterized by Maxwell’s 
equations, which describes the time varying behaviour of an electromagnetic field. In order to 
study a wireless link, the mechanisms governing electromagnetic propagation must be studied. 
The propagation of radio waves is highly dependent on the environment. As a radio signal 
propagates through the environment, it will come across various obstacles where reflection, 
refraction (transmission), scattering and diffraction of the radio signal will occur. Each one of the 
obstacles has its own electrical properties and will alter the amplitude, phase and polarisation of
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the propagating wave. The understanding of propagation mechanisms is of major importance in 
terms of implementing a deterministic radio propagation model.
2.2.1 Reflection and Transmission
Whenever a propagating plane wave impinges on a planar interface between two different 
mediums with constitutive parameters si, pi, <ti and £2, respectively, and having greater 
dimensions than the wavelength, reflection and transmission (through the material) will occur. 
Figure 2,1 illustrates an electromagnetic wave incident at an angle 6j with the surface normal at 
the point of incidence (incident wave). As shown in the figure, part of the energy is reflected back 
to the first medium at an angle 6r (reflected wave) and part of the energy is transmitted (refracted) 
into the second medium at an angle 9( (transmitted wave). <9,, 0r and (9, are the angles of incidence, 
reflection and transmission. The plane o f incidence is defined as the plane containing the incident 
wave vector and the surface normal to the boundary interface.
Reflected
Wave
Surface ^
Transmitted
Wave
normal g
Incident
W a v e /^
Plane of incidence 
is the plane of paper
Medium 1
S i , p \ ,  (Ti
Medium 2 
^2,  P i ,  Cf2
Figure 2.1 Reflection and transmission by a plane interface
The lossless (or perfect dielectric) and the lossy media (or good conductor) cases are examined 
here. The latter is characterised by absorbing power and causing the amplitude of the wave to 
diminish with the travelled distance through the medium. A useful criterion to determine a lossy 
or a lossless medium is [6]: if {al2nfe'f «  1 where f  (Hz) is the frequency of operation, then the 
medium can be treated as lossless, else it is treated as lossy.
For lossless dielectric media: The reflected and transmitted waves are characterized by two kinds 
of properties: kinematic and dynamic [7]. The Idnematic properties describe the well known 
Snell’s Law of reflection and refraction.
1 0
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The Snell’s Law o f  reflection states that the angle of the reflected field is equal to the angle of the 
incident field to the interface
(2 .14)
The Snell’s Law o f  refraction states that the refracted angle is a function o f the incident angle and 
the materials o f the two media
where ny and nz are the refractive indices of the two media. The refractive index is obtained by 
using the constitutive parameters of the medium
^ (2 .16)
where is the relative permeability and Sr is the relative permittivity.
The dynamic properties are referred to as the amplitude, phase and polarisation of the waves, 
reflecting from and transmitting through the media interface. These properties depend on the type 
of the polarisation, the angle of incidence and the media constitutive parameters. They are 
determined by the Fresnel reflection coefficient R  and the Fresnel transmission coefficient T.
If Ei is the incident field on the interface of the media, then the reflected field Er and the 
transmitted field Et can be expressed by
=REi,E,=TEt  (2 .17)
2.2.1.1 Boundary Model (Half Space Model)
In order to calculate the reflected and the transmitted field, the Fresnel reflection and transmission 
coefficients can be used. There are two possible polarisations of the incident plane wave that must 
be considered separately. One polarisation has the electric field vector perpendicular to the plane 
o f incidence (perpendicular polarisation), sometimes called horizontal or transverse electric (TE) 
polarisation. The other has the electric field vector parallel to the plane of incidence (parallel 
polarisation), sometimes called vertical or transverse magnetic (TM) polarisation. The Fresnel 
reflection and transmission coefficients are different for cases when the incident plane wave is 
parallel or perpendicularly polarised.
11
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Medium I Medium 2
(a) Perpendicular polarisation
Medium I Medium 2 
O'2
(b) Parallel polarisation
Figure 2.2 Illustration of boundary model: reflection and transmission for different polarisations
In the case of perpendicular polarisation, where the electric field vector o f the incident wave is 
perpendicular to the plane of incidence, as shown in Figure 2,2 (a), the reflection coefficient R and 
transmission coefficient T  for two semi-infinite lossless dielectric media can be found by [6 ]
R, = (2.18)
1 2
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r ,  =
—  cos 0, + . I ~  COS 0(
(2.19)
Since for most dielectric media pi = Mo (excluding ferromagnetic material) [6 ], considering 
(2.15) and (2.16), (2.18) and (2.19) can be rewritten as a function of (9, as follows
cos (9, -
R> =■
1 -  M -  sill
COS0, + J — J l -  
^1
' a '
^2J
(2 .20)
sin^ 0,
r, =• 2 cos0 f
COS0,-
(2.21)
sin^ 01
For the parallel polarisation where the magnetic field vector of the incident wave is perpendicular 
to the plane of incidence, and the electiic field is parallel to the same plane, as shown in Figure 
2.2 (b), the reflection and transmission coefficients R  and T  can be calculated by [6 ]
R,
a c o ^ A c o s S ,
COS0, +^I^COS0f
(2.22)
T„ =
2 J —  cos <9,
COS0, + J— COS0,
(2.23)
Similarly, (2.22) and (2.23) can be expressed as follows
R// =
COS0i + .1——. —
^ 2
-  sin^ 01
(2.24)
T,/ = ■ 2 j —  cos6 ',€ 2
cos<9, + J — J l - i  —  
' 2 9
s in ^  01
(2.25)
13
Chapter 2.Back}^ound
The previous formulations describe the case of a Lossless Media. Figure 2.3 shows the magnitude 
of the Fresnel coefficients for a wave propagating in free space and impinging onto a dielectric 
half-space for both polarisations. The suffix ‘par’ represents parallel polarisation and the ‘per’ 
perpendicular polarisation. It can be observed that total reflection occurs at ^ = 90° for both 
polarisations. This situation is known as grazing incidence. Zero reflection occurs for parallel 
polarisation at one angle, which is called '‘Brewster's angle' and can be found from
6g = arctan(— )
«I
For Lossy Media: The same formulations (2.18)-(2.25) can be used but the previously used 
electrical permittivity e must be replaced by the complex permittivity
s  = e ' - j e ” = - j ^ )  = f '( 1  - y  tan J )  = )
£  £  2% (2.26)
where e' is the real part of the permittivity and e" the complex part, accounting for losses, tanô is 
the loss tangent at the frequency of interest and o is the conductivity.
 Rpar
 Rper
 Tpar
Tper
0.9
0.8
f. 0.7
I  0.6
0.5
0.3
0.2
B rew ster’s  angle
0.1
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Incident
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 angle theta  (degree)
Figure 2.3 Variation of the magnitude of reflection and transmission coefficients for both 
polarisations with angle of incidence for a plane wave reflected at a dielectric half-space with £, = 3
2.2.1.2 Single Layer Model (Slab Model)
A single layer model is a more realistic case when compared to the boundary model. It can be 
used at the air-wall/door/glass-air interface for outdoor and indoor propagation, where the second 
medium is modelled as a dielectric slab and its thickness is taken into account. The interfaces 
encountered are between free space and a single layered wall/window or similar interface, hence 
El = eq. Both media are also considered non-magnetic thusp\=  p 2 ^Po-
14
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As can be observed from Figure 2.4, multiple reflections and transmissions take place between the 
two interfaces. However, it is assumed that the total reflected and transmitted fields are contained 
in the rays that are denoted by thick arrows. Effectively, the reflected wave will follow Snell’s 
law of reflection, whereas the transmitted wave is in line with the incident wave (assuming the 
material is homogeneous). This is referred to as the multi-ray model, which takes into account the 
multiple reflections and transmissions at wall boundary planes. In this case, the reflection 
coefficient R and transmission coefficient T for the multi-ray model are given by [8 ]
^  l - e x p ( - ; 2 ^)
l - /? '^ e x p ( -y 2 ^)
T =_ (l -  R'^ )exp{- j{ô  -  Arpc/)) l - i ? ' 'e x p ( - y 2 j )
(2.27)
(2.28)
where kç, is the wave number 2 n/l, X (m) is the wavelength, and d  (m) is the thickness of the 
material, ô is given by
(2.29)
where G is the incident angle. In (2.27) and (2.28), R' is the Fresnel’s reflection coefficient for the 
interface between air and a dielectric medium, whose relative permittivity is Sr. It depends on the 
polarisation as follows
Free space Wall € r Free space
Transmitted 
y  "fowerReflected
Figure 2.4 Multiple reflections and transmissions in a single layer structure with thickness.
(2.30)c o s ^ - J f .  -s in^  6
cos6 + -sin^  Û
R//' — cosG -yln^  -s in^  G 
cos G+ yln^ -sin^ (2.31)
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When the electric field is perpendicular or parallel to the plane of incidence, /?j^'and R /  are 
substituted for R ’ in (2.27) and (2.28), respectively.
Figure 2.5 plots the magnitude of the reflection coefficient as a function of angle of incidence 6 
for both a parallel and a perpendicular polarised plane wave, incident onto a brick wall of 
thickness d = 20cm. The relative dielectric constant was assumed to be 4.44, a representative 
value of permittivity for brick at frequencies of 900MHz and 1800MHz [9]. The fraction of the 
incident power that is reflected is and if no loss is present in the wall, the fraction of the 
power that is transmitted into the air on the other side of the wall is 1 -  \R\ ,^ according to the 
power conservation. If a loss is present, the attenuation of the field caused by the wall must be 
accounted for, through the complex dielectric constant given by (2.26).
 900MHz Rpar
 900MHz Rper
1.8GHz Rpar 
 1.8GHz Rper0.8
0.7Ic  0.6
sc  0.5
.2
0.4
0.3
0.2
0.1
30 40 50 60
Incident angle  theta  (degree)
Figure 2.5 Magnitude of the reflection coefficient vs. angle of incidence for a plane wave incident at a 
20cm brick wall with Er = 4.44 at 900MHz and 1800MHz, for both polarisations
Another model called the single-ray model only calculates the reflection along the path (/; -  R\) 
and transmission along the path {I\ -  t -  Ti). In [10], numerical results show that the single-ray 
model works much better for transmission than reflection, whereas for reflection, the use of the 
more accurate multi-ray model would be more appropriate. Therefore the multi-ray model is 
usually adopted to find the reflection and transmission coefficients.
2.2.1.3 Multiple Layer Model
Another important case is when an electromagnetic wave propagates through a multiple layer 
medium, for example through a double glazed window. In this case a general multi-layer model 
should be considered. The multiple layer model used to analyse the multiple reflection case is
16
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presented in Figure 2.6. This model has been used to calculate transmission through a radar 
radome [1 1 ].
Free space
Figure 2.6 Multiple reflections and transmissions in a multiple layer structure with thickness
The solution takes the following form utilising the wave-chain-matrix theory [12]
= n
1 ■ 1 ^n+l
e 1 A . 2 .
(2.32)
where ti is the layer thickness of the zth layer, is the propagation constant in the zth layer, which 
can be expressed in terms of the incidence angle 0 relative to the interface normal as
/y -Sin^ e (2.33)
where is defined as the wave number and e„ is the relative permittivity of the corresponding 
layer. Rt and T, can be derived by
(2.34)
For perpendicular polarisation
Z: = COSÛ
and for parallel polarisation
-s in ^
-s in ^  Û
£ „  COS 6
(2.35)
(2.36)
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After multiplying out the matrix product, one can obtain [12]
Reflection coefficient
Transmission coefficient
A " ^ 1 2
S i . . ‘^21 ^22 _ A +2 .
Cl ûfii
(2.37)
(2.38)
(2.39)
2.2.1.4 Ray Fixed Coordinate
To this point, presented formulas for the reflection and transmission coefficients are valid for 
plane waves with linear polarisation. If the incident wave has an elliptical polarisation, it can be 
represented as a vector sum of two incident plane waves having orthogonal lineai* polarisations, 
i.e. perpendicular and parallel. Therefore the reflected waves will also consist of perpendicular 
and parallel components and E^ / which can be found by the following reflection matrix 
equation [5]
(2.40)
where E'  ^ and Ej/ are the corresponding incident field. In Figure 2.7, one can assume that the 
normal unit vector o f the interface, the incident direction, the reflection direction, and the 
transmission direction are respectively, « , i,-, 5  ^a n d i , . The ray-fixed coordinated system can then 
be introduced as follows [13]
0  ' X '
0 X .
e_^=SjXn, eu = e ^ x  j,.
A»* A A AM AM Ae ^ = s ^ x n ,  eu = e^x
(2.41)
(2.42)
(2.43)
(2.44)
where R  is the dyadic reflection coefficient, which can be expressed by
(2.45)
in which and R^  ^ are given by the boundary or single/multi-layer model.
The reflected field E ^(x ,y ,z) is determined by the incident field E fx ,y ,z )  at position o by
18
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E X x ,y ,z ) = R-E^(^x,y,z) 
Similarly, the transmission matrix equation can be written as [5]
0  ■
. 4 . 0 . 4 .
(2.46)
(2.47)
Figure 2.7 Transmission and reflection in 3D
and the transmitted field is given by
E ,{x ,y ,z) = T -E X x,y ,z) (2.48)
2.2.2 Scattering
The reflection mechanism discussed so far assumed that the surface is smooth (specular 
reflection). In case where surfaces become rough, the incident ray will be scattered from a large 
number of positions on the surface, which means that a large number of rays will follow arbitrary 
directions. This broadens the scattered energy as shown in Figure 2.8, which effectively means 
that the energy in the specular direction is reduced.
Specular Scattered
energyreflection
Smooth
surface
Rough
Scattered
energy
surface
Rougher
surface
Figure 2.8 Scattering from rough surfaces
The amount of scattering that occurs depends upon the surface roughness in comparison to the 
wavelength and the angle of incidence. Surface roughness is often tested by using the Rayleigh
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criterion, which defines a critical height difference he between two points on the surface for a 
given angle of incidence <9„ given by
A surface can be considered smooth if  the height difference Ah between two points on the surface 
is less than K  and can be considered rough if Ah is greater than he. To account for scattering, the 
specular reflection coefficient R  needs to be multiplied by a roughness factor /  which is less
than unity and depends exponentially on the standard deviation of the surface height Os and the 
angle o f incidence i9/. This is given by [5]
/ ( o - J  = exp
/I \ 27Ü<T  ^ COS <9 , (2.50)
Nevertheless, this description does not consider the dispersion o f energy in the various directions 
but accounts only for the reduction of energy in the specular direction. Note also that scattering 
can take place when the dimensions of the objects are small compared to the wavelength.
2.2.3 Diffraction
Diffraction of radio signals occurs when the radio wave intersects an obstacle at a corner, an edge 
formed between two planes (a wedge) or along the tangent to a curved surface. The effect of 
diffraction can be explained by Huygen’s principle (Figure 2.9), which states that
■ All points on a wavefront can be considered as point sources for the production of 
secondary wavelets, and that these wavelets combine to produce a new wavefront in the 
direction of propagation. Diffraction is caused by the propagation of secondary wavelets.
■ The field strength of a diffracted wave in the shadowed region is the vector sum of the 
electric field components o f all the secondaiy wavelets in the space around the obstacle 
[14].
;(
\  IstTOVeJioh'i
2nd wavefront'’
Figure 2.9 Huygens’s principle
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Figure 2.10 shows how the diffracted field propagates into the shadow region when applying 
Huygens’s principle to a plane wave incident on a knife-edge. The incident plane wavefronts 
impinge on the edge from the left and become curved by the edge, so that wave propagates into 
the shadowed region.
Wavefronts
Incident plane 
wave
Secondary
sources
Shadow
region
Diffracted
Figure 2.10 Huygen’s principle for knife-edge diffraction
When an obstruction such as a hill or a building can be treated as an absorbing plane or knife- 
edge, the reduction in the field strength due to the knife-edge diffraction process can be 
approximated in terms of the obstruction of the Fresnel zones. Fresnel zones are formed by a 
number of concentric ellipsoids around the direct path. The Fresnel zone can be thought of as 
containing the propagated energy in the wave. The n'  ^ Fresnel zone is the region inside an 
ellipsoid defined by the locus of points where the distance is larger than the direct path between 
transmitter and receiver by n half-wavelength [7]. Contributions within the first zone are all in 
phase, so any obstructions, which do not enter this zone, will have little effect on the received 
signal [14]. A simple criterion in order to decide whether an object is to be treated as a significant 
obstruction is the following: when 60% of the first Fresnel zone is kept clear o f obstructions, then 
the total path attenuation will be practically the same as in the unobstructed case. Details on the 
Fresnel zone concept, the single knife-edge diffraction approach and its extension to the multiple 
knife-edge approaches, can be found in [5; 14].
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2.3 Antennas Fundamentals
An antenna may be defined as a conductor, or group of conductors, used either for radiating 
electromagnetic energy into space or for collecting it from space. The currents and voltages 
generated by the transmitter circuit are converted into electromagnetic fields launched into space 
by the antenna. On the receiving end, electromagnetic energy is converted into electrical energy 
by the antenna and fed into the receiver.
An antenna radiation pattern or antenna pattern is defined as “a mathematical function or 
graphical representation of the radiation properties of the antenna as a function of space 
coordinates [15].” The radiation pattern is determined in the far~field region, which is beyond the 
region with a radius R, given by
21} (2.51)
where L is the diameter of the antenna or of the smallest sphere which completely encloses the 
antenna (m) and X is the wavelength (m) [5]. Within that radius is the near-field region. For 
outdoor environment, R  is veiy small compared to the typical separation between Tx and Rx, 
while for indoor environment, objects within the near field may greatly alter antenna radiation 
pattern. It is important to keep the obstacles out o f the near field.
Two special cases o f radiation patterns are often used as references. One is the isotropic antenna, 
which is a hypothetical antenna and radiates power equally in all directions. The other is the more 
practical omnidirectional antenna, whose radiation pattern is constant in the horizontal plane, but 
may vary vertically.
The gain G, of an antenna is the ratio of its radiation intensity to that of an isotropic antenna 
(units: dBi) or a half-wave dipole antenna (units: dBd) [5]. OdBd is equal to 2.15dBi.
2.4 Propagation Parameters
Propagation models have traditionally focused on predicting the average received signal stiength 
at a given distance from the transmitter, as well as the variability of the signal strength in close 
spatial proximity to a particular location, corresponding to the large-scale path loss and small- 
scale fading  [2 ].
2.4.1 Path Loss
The prediction of the propagation path loss of a wireless communication link, which will partly 
determine the systems range, is basically the main purpose of numerous propagation models. The
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path loss information is vital for the determination o f radio coverage from a base-station (BS) or 
wireless transceiver.
Path loss {PL) is the parameter commonly used to characterize the local average signal in mobile 
channels. The path loss at a point r is defined as the ratio o f the transmitted power at r^, P, (ro), 
over the received power at r, Pr{r). For free-space propagation, the path loss in dB can be simply 
given by the Friis free space equation [14]
P fr )PIXdE) — lOlog ' / " \ lOlog
P A r )
(2.52)
where G, and G  ^ are the gains of the transmitting antenna (Tx) and receiving antenna (Rx), 
respectively, d  (m) is the distance between Tx and Rx, and X (m) is the wavelength in free space. 
It can be seen that the free space path loss follows an inverse squai e law of distance d, which is in 
the far field o f the transmitting antenna.
2.4.2 Small-scale Fading
Small-scale fading, is used to describe the rapid fluctuations of the received signal strength over 
very small distances or short time durations [14]. The small-scale fading is a consequence of 
multipath propagation, which occurs when the signals reach the receiver from different paths. 
Since the phases are random, the sum of the contributions varies widely. Small-scale fading is 
usually investigated using statistical methods [2 ], which is out of the scope of this thesis.
2.5 Propagation Models Classification
Propagation models can be split into three distinct categories [16], which are
■ Deterministic
Deterministic models are based on the application of electromagnetic techniques to a site-specific 
description of the environment. Information on the geometry and the constitutive parameters of 
the materials involved is required. Most of the deterministic models are based on ray-tracing 
techniques [17]. The deterministic models require a large computational overhead, but 
acceleration techniques and parallel processing can be implemented to speed up the computational 
process. Ray-tracing methods will be presented and analysed separately in the following chapter 
since these methods are of interest in this thesis.
■ Empirical
Empirical models ai*e usually a set of equations derived from a large number of measurements, 
with no apparent physical insight o f the propagation mechanisms. Due to their nature they are
23
Chapter 2.Background
valid for environments similar to the ones they were based on, where at the same time their 
accuracy is limited. However, they provide a fast and simple prediction o f path loss. Moreover 
they do not require detailed information about the environment, apart from a general 
characterisation, e.g. urban, rural etc.
■ Semi-empirical
Semi-empirical models are an effort to associate the prediction with the specific environment, 
without requiring extensive data like deterministic models. Semi-empirical models are equations 
which are derived by applying electromagnetic theory in a simplified form. They require some 
limited site specific information. Usually a correction factor is included to improve agreement 
with measurements. These models combine the advantages and disadvantages of empirical and 
deterministic models.
Transmitters are characterized by the size of the areas they are to cover: large areas are termed 
macrocells; medium-sized areas, microcells; and small areas, picocells. According to the different 
cell types in cellular telephony, the propagation models can also be classified as
■ Macrocells
Typically, in a macrocell, the transmitter is well above the surrounding buildings, where radio 
coverage occupies a radius between 1 and 30 km from the transmitter.
■ Microcells
Microcells have a radius between 0.1 and 1 km and the transmitter antenna is usually below or at 
the same level as the surrounding buildings. As a result the coverage is affected by the 
surrounding environment geometiy. Empmcal or semi-empirical models can be applied, provided 
that the environment is generally homogenous, without any distinctively different areas.
■ Picocells
Picocells are typically installed in indoor areas. Thus for any kind o f model to yield satisfactory 
results it should account for the effects of the walls, floors, furniture and antenna radiation pattern. 
Purely empirical models yield poor results as the considered area is too small to ignore localised 
variations in the environment characteristics. Semi empirical and particularly deterministic 
models are best suited for the case of picocells.
A parameter used to characterize the mobile propagation channel is the local average signal. 
Large-scale path loss propagation models can predict the local average signal level. A review of 
the various path loss propagation models will be presented in the following section. The goal is 
not to present an exhaustive revision of the methods.
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2.5.1 Outdoor Propagation
2.5.1.1 Macrocell Propagation Models
Many models predict the path loss in a macrocell environment. Most o f them are based on a 
systematic interpretation of measurement data obtained in the service area and introduce various 
assumptions and limitations in order for the models to be effective. A discussion of various 
empirical and semi-deterministic macrocell propagation models can be found in [5; 14; 16].
2.5.1.2 Microcell Propagation Models
Discussion on empirical models, such as the dual slope model, can be found in [5]. The dominant 
propagation mechanisms in microcells are free space propagation plus multiple reflection and 
scattering within the cell’s area together with diffraction around the vertical edges of buildings 
and over rooftops. Therefore, it is reasonable to distinguish between line-of-sight (LOS) and non- 
line-of-sight (NLOS) models since in each case the above propagation mechanisms will have 
different effects.
Z5.1.2.1 LOS Models
■ Two-ray Model
The field at the receiver is calculated by considering only the contribution o f the direct ray and the 
ground reflected ray. The path loss PL (dB) at the receiver is given by
PZ = 2 0 1 og A4;r
ex p (-7 ^7-1 )  ^ ^ ex p (-y % ) (2.53)
where R  is the Fresnel reflection coefficient for the relevant polarisation, X (m) is the wavelength, 
k  is the wavenumber and ri, rj are the direct and reflected path lengths (m ), respectively. The two- 
ray model is useful for microcells operated in fairly open, uncluttered situations where a LOS path 
is present and little scattering from other clutter occurs.
■ Street Canyon Models
These models assume the “dielectric canyon” configuration o f the street. The field at the receiver 
is calculated from the direct ray (LOS), rays reflected from the ground, and rays reflected off from 
vertical planes o f the canyon (building walls) (Figure 2.11).
Other models include the multiple-slit waveguide model and the Uni-Lund model [16].
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Figure 2.11 Dielectric canyon model of line-of-sight microcellular propagation (six rays)
2.5.1.2.2 NLOS Models
When the line-of-sight path is blocked, the signal can propagate via reflection and scattering from 
walls and ground, and diffraction around vertical building edges and over rooftops. As discussed 
in [5], depending on factors such as the distance from the base station, the street and building 
geometry and antenna height, propagation mechanisms vary. Various NLOS models can be found 
in [5].
2.5.2 Indoor Propagation
It has been shown that, when the transmitting and receiving antennas are located in a relatively 
clear space [18], the path loss mechanism can be understood in terms of the first Fresnel zone 
ellipsoid. Figure 2.12 shows the case where a transmitter and a receiver are mounted on the same 
floor of a building. The dominant mode of propagation happens at LOS, but possible obstructions 
of the first Fresnel zone can give rise to additional loss due to diffraction. This is analytically 
presented in [19].
Ceiling
Fresnel Zone
Floor
Figure 2.12 Furniture and ceiling fixtures obstructing the first Fresnel zone in indoor environments
If the antennas are close enough so that the first Fresnel zone ellipsoid lies completely within a 
clear area, the fields associated with the direct (strongest) ray will not be affected by the presence
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of the floor and ceiling clutter [19]. In this case the path loss will have the same dependence of 1 / 
{ d f  as in the free space loss case. If now the distance between the transmitter and receiver 
antennas starts increasing, the Fresnel zone will expand in size, as a result of which the clutter of 
the room will be within this zone. In this case the path loss would be greater than that of the free 
space loss. Although the previous observations refer to an indoor scenario, the influence of the 
indoor clutter can be extended in the outdoor to indoor case, which will be addressed in 2.5.3.
■ Log-distance Path Loss Model [16]
This is an empirical model calculating path loss in the form
PL = ) +1 On log + (2.54)
where d  is the distance between transmitter and receiver, PL{dQ) is the path loss for a reference 
distance do, n is the path loss exponent andX^  ^is a normal random variable with standard deviation 
(T which accounts for the enviromnent clutter. Both n and X„ depend on the frequency of operation 
and the type of environment. Based on measurements, values for the parameters have been 
obtained for different types of indoor environments. Typical values are between 1.6 and 3.3 for n 
and between 3 and 14.1 dB for a, for a frequency range from 900 MHz to 4 GHz [20].
■ Attenuation Factor Model
This model predicts the propagation path loss on the same floor or through different floors. The 
path loss is given by
P L ^P L {d^) + \On\oà — ■\-FAF (2.55)
where n is the path loss exponent for observers located on the same floor, and FAF  represents the 
floor attenuation factor (dB), which accounts for propagation through different floors. 
Characteristic tables with FAF  can be found in [14]. Further details on the model and its 
modifications can be found in [14; 16].
This model differs slightly from the previous in its formulation. The term has been replaced 
with the floor attenuation factor, which depends on the number of floors, as well as frequency and 
environment. Environments are classified as residential, office or commercial,
■ Keenan-Motley Model [21]
A more sophisticated method, which considers attenuation through different types o f walls and 
floors, is given by
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PL = Lq -\r\On\ogd + (2.56)
f=i j= i
where Lo is the attenuation at the reference distance ( 1  meter), n is the path loss exponent, d  is the 
distance between transmitter and receiver. Lf, is the attenuation through floors o f type i, kf, is the 
number o f floors of type i between tiansmitter and receiver. Similarly the terms and k^ j^ refer to 
walls of type j .  In this model, n tend to be the values of the free-space conditions (n ~ 2). For 
attenuation through floors typical values are between 12 and 32 dB, while the values of the 
attenuation through walls depend strong on the type of partition used.
2.5.3 Outdoor to Indoor Propagation
An important requirement of mobile radio systems is the provision of reliable services to the 
increasing number of users across the outdoor to indoor interface [22], To achieve this and at the 
same time reduce the possibility of interference, the radio network has to be carefully planned and 
optmised. For this reason the radio propagation modeller has to appreciate the conditions that can 
influence the accuracy of modelling predictions, or even the practical measurements which are 
carried out for planning purposes. Different factors, which have been reported and can influence 
outdoor to indoor propagation are discussed. Propagation into buildings or building penetration 
loss has been shown to depend on numerous factors [23]. Penetration loss is defined as the 
difference between the signal measured inside the building and signal at street level outside [23].
■ Type o f Buildings
The indoor received signal is strongly dependent on the different building types. For this reason a 
classification of buildings is proposed in [24]. The classification is done according to the density 
of the surroundings and the furniture inside. For this reason, proposed building categories can be 
characterised as: residential houses, office buildings, factory buildings, open environments e.g. 
railway stations, airports, etc. These categories are subdivided into urban and suburban 
environments. Furthermore, [14] points out that the w ide^rie ty  of partitions and obstacles which 
form the internal and external structure of a building (such as walls, windows, wooden doors, etc.) 
needs to be investigated since their differences in physical and electrical characteristics does not 
allow the application o f a general model. Lee [25] has proposed a model for propagation within 
the same floor (also applicable to through-into-building propagation) where different formulas are 
applied according to various room types and conduction of transmission.
■ Angle of Incidence
Since in a mobile environment, the user is expected to enter buildings, which are illuminated 
under different incident angles, the effect o f the angle of incidence has to be accounted for. The
28
Chapter 2.Background
angle o f incidence of the transmitted wave upon the face of the building has a strong impact on 
the penetration loss. Material loss measurements recorded by different researchers at different 
frequencies suggest that the associated transmission loss for an interface increases with an 
increasing angle of incidence [26]. Similarly it has been found that the reflection and transmission 
coefficient of these materials will change with the angle of incidence. A model proposed by [27] 
focuses on this influence of the incidence angle and was verified by measurements; leading to the 
conclusion that for increasing angle o f incidence, the excess loss increases (not monotonically). 
However, depending on the material, the excess loss may increase with incidence angle and after 
an angle it may exhibit a slight decrease.
■ Frequency Dependence
Ambiguities have also been reported in the literature about the RP penetration dependency on 
frequency. Measurements reported in [28;29] lead to the conclusion that the building penetration 
loss exhibits a slight increase with increasing frequency. In contrast to this it has been also 
reported that penetration loss decreases with increasing frequency [14;30-32]. This is related to 
the fact that for higher frequencies, Fresnel zones aie narrower and there is a larger possibility that 
60% of the Fresnel zone will be clear of obstructions. Consequently, assessing independently 
the factors that influence in-building propagation could be inefficient. It is obvious that there are 
certain factors influencing the frequency-penetration loss tiend. Due to their dielectric nature, 
buildings can be frequency selective. Possible reasons will be highlighted in Chapter 6 .
■ Floor Level
Penetration loss studies at frequencies ranging ftom 400 to 2300MHz have shown that penetration 
loss decreases as the height of the building increases [30;31;33;34], This is mainly because at the 
lower floors of a building, the urban clutter induces greater attenuation and reduces the level of 
penetration, when outdoor to indoor propagation is concerned. This can also be explained, 
according to [14], because of the fact that at higher floors, a LOS path may exist, causing a 
stronger incident signal at the exterior wall o f the building, A rate o f change of 1.2dB to 2.4dB per 
floor has been reported although for higher floors (usually above 5**' floor) penetration loss 
increases again or levels off [30-33]. Also there were cases where the rate of change was as high 
as 7dB/floor [35]. Another interesting observation from [35], was that at 950MHz and 1800MHz 
penetration loss was lower by 2-4 dB on lower floors for 950MHz whereas it was equal or higher 
than the penetration loss for 1800 MHz on higher floors. In contrast to this it has also been found 
by measurements conducted at 1700MHz [36;37], 912MHz, 1920MHz and 5990MHz [29] that 
penetration loss neither decreases or increases as a function of increasing floor level. 
Unfortunately, a direct comparison of the above is not possible because the measurement 
environments were not exactly the same. This enviromnent difference can influence penetration
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loss since this loss can depend on the position and nature of nearby buildings and effectively the 
illumination o f the building under investigation.
■ Layout of the Setup
Another factor is the dependence on the layout of the outdoor to indoor setup, it is possible that 
different ray paths between the transmitter and receiver can contribute to the overall field [38]. In 
addition to a direct ray path, other possible paths include diffraction around windows and 
reflection from neighbouring buildings. These contributions are affected by the clutter within 
rooms and the reflection and transmission coefficients of neighbouring buildings. It has been 
reported that nearby buildings could block or reflect the signal into different floors of the building 
under investigation [30;31;33;35]. It has also been noted that another important factor is the 
internal construction and size o f the penetration side (room) under investigation.
■ Windows
Other important factor influencing penetration and effectively the overall path loss is the number 
and size o f windows that exist at the illuminated building. It is important to note that 
measurements have shown that windows provide a relatively low-loss penetration path. 
Measurements made at 850MHz in front o f windows indicated 6 dB less penetration loss on 
average than measurements made in parts of the building without windows [33]. Also it should be 
noted that the presence of tinted metal in the windows can provide from 3dB to 30dB attenuation 
in a single pane o f glass [14].
■ Others Factors
Another issue is that building materials might absorb moisture (water). The general trend that has 
been reported under water absorption is that the loss tangent and the relative permittivity increases 
[39;40], resulting in increased losses compared with the dry case.
To sum up, determining the outdoor to indoor propagation characteristics is a complex task. For 
example, as pointed out in [24] after reviewing several related studies at frequencies from 
150MHz upwards, the penetration loss caused by the building’s construction materials has an 
average value of 20 dB with a large deviation o f 20-25dB. For this reason, there is a need for a 
series of measurements providing us with adequate information.
■ Outdoor to Indoor Propagation Models
The COST231 [41] line-of-sight and non-line-of-sight models refer to outdoor to indoor 
propagation. They can be characterised as semi-empirical models since they use some geometrical 
information for the environment. Another outdoor to indoor modelling approach proposed in [42] 
combines contributions through different building elements e.g. windows, walls and doors in
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order to determine the overall signal received at a certain point inside a building. The approach is 
based on a modified form of the Fresnel-Kirchhoff diffraction integral.
2.6 Summary
In this chapter, the basic radio propagation mechanisms namely reflection, transmission, 
scattering and diffraction were presented. The single/multi-layer model provides more realistic 
results than the boundary one because it can take into consideration the thickness of the reflecting 
plane and is very well suited for deterministic propagation modelling.
A large number of path loss propagation models have been developed in the literature in order to 
estimate the received power levels in different enviromnents. Empirical propagation models are 
easy to apply, but their accuracy is limited, compared with deterministic models. Deterministic 
propagation modelling approaches are becoming increasingly realistic for practical 
implementation, with the continuing advances in computing power o f computer systems and the 
increasing availability o f enviromnental information.
Indoor and outdoor to indoor propagation studies are becoming more and more important due to 
the fact that many short-range personal communication systems such as picocells, WLANs etc. 
are deployed in indoor environments. The implementation o f deterministic propagation models 
that involve ray-tracing techniques is suitable for dealing with such studies. The understanding of 
propagation mechanisms is o f major importance in terms o f implementing a deterministic 
propagation model. Ray-tracing as a dominant deterministic modelling method will be addressed 
in Chapter 3.
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Chapter 3
3 Ray-tracing Propagation Models
Many deterministic models have been proposed and can be found in literature [16;43-61] [62-88]. 
The ray-tracing method, as one o f the most widely used methods for accurate and site-specific 
propagation modelling, has received intensified attention in the last decades. The empirical and 
semi-empirical models presented in Chapter 2 have limited accuracy. For this reason, ray-tracing 
techniques, based on geometrical optics (GO) and geometrical/uniform theory of diffraction 
(GTD/UTD) have emerged as the dominant technique, to predict channel characteristics, for both 
indoor and outdoor environments, as long the environment can be described. This chapter 
provides an overview of the key aspects of implementing a microcellular propagation-prédiction 
tool, which is based on the use of ray-tracing.
3.1 Basis of Ray-tracing
The concept of ray-tracing modelling is based on the fact that high-frequency radio waves behave 
like rays. By assuming an infinite frequency for the propagating signal, it can be assumed that all 
the energy is contained inside infinitely thin tubes, i.e. the rays. This is a valid approxhnation for 
high frequency signals.
Once the concept of rays has been inti'oduced, a propagating electromagnetic wave can be studied 
by utilising approximate high-frequency methods such as geometrical optics (GO) and uniform 
theory of diffraction (UTD). Propagation mechanisms may include direct (LOS), reflected, 
transmitted, diffracted, scattered, and combined rays, which are caused by the interaction o f the 
radiated field with structures close to the transmitter or receiver antennas. The received 
electromagnetic field can be then calculated as the sum of individual contributions associated with 
the rays.
3.1.1 Geometrical Optics
Geometrical optics (GO) is an approximate high-frequency method for determining wave 
propagation for the incident, reflected and transmitted fields. As discussed in [5], in order to 
implement geometrical optics, using the plane wave propagation mechanisms described in section 
2 .1 , it is assumed that:
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■ Plane waves exist at the points o f interaction.
■ Surfaces have large dimensions compared to the wavelength,
■ Curvature of surfaces is small compared to the wavelength.
■ The source and observation points are separated from each other. 
For most practical scenarios these conditions are found to hold.
In GO, the electric field of a ray is given by [13]
£ ( i ) = £ ( 0 ) P\Pl
( a + ^ ) ( p 2 +^)
exp ( - # s ) (3.1)
which is recognized as the geometric-optics field at a point at a distance s to the reference point s 
= 0. E{0) is the electric field at the reference point, k  is the wavenumber of the medium (free 
space), pi, p 2 are the principal radii o f curvature of the wavefi'ont associated with the ray at the 
reference point which depends on the caustic lines. The field at a caustic is infinite, in principle, 
because an infinite number of rays pass through it. It is apparent that (3.1) becomes infinite when 
s = -p t or s = -p 2 . Figure 3.1 illustrates a ray travelling perpendicular to two successive 
wavefronts. The field strength across the second wavefront becomes more diffuse and is 
calculated from (3.1).
Wavefront at s
Wavefront at s = 0
Caustic lines
Ray
Figure 3.1 Ray propagating perpendicular to successive wavefronts [16]
When both caustic lines degenerate to the same point (caustic point), the wavefronts are spherical, 
hence pi = p 2 = po and (3.1) becomes
E (j) = Æ(o)—^ ^ e x p ( -  jks) Po +■5 (3.2a)
where po is the wavefront radius of cuiwature in any direction. When the caustic point is taken as 
the reference point, (3.2a) can be expressed as follows [13]
(3.2b)
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Equation (3.2) gives the electric field of a spherical wave anywhere along the ray.
When one of the caustic lines is at infinity i.e. pi = oo, the wavefronts are cylindrical. Therefore 
the electric field at s becomes
£(s) = £(0) j - ^ e x p ( - j f e )  (3,3a)
VP2
When the caustic line is taken as the reference point, (3.3a) can be written as follows [13]
E{s) = E (0 )^ex p (-y ^ .y ) (3.3b)
Vf
Equation (3.3) gives the electric field of a cylindrical wave anywhere along the ray.
Spherical wavefronts are for the direct, transmitted and reflected rays in GO. For reflected and 
transmitted rays, GO approximates the reflected and transmitted ray only toward specular 
directions, as presented in Chapter 2.
■ Direct field
In free-space, the electric field in the far field of the transmitting antenna at a distance r can be 
written as
(3.4a)
J ZPG— , is the transmitted field strength. P, is the power radiated by the transmitter; 
2 ;r
Gt is the gain of the transmitter. Z is the free-space wave impedance i.e. Z = 120;r Q.
When the antenna radiation patterns are taken into account, it can be expressed as
£ ,= £ „ / ,  (5, i#)/,
'• (3.4b)
where ft  and ^ a re  the transmitting and receiving antennas patterns. 6 and (j> are the elevation and 
azimuth angle in the standard engineering coordinate system as shown in Figure 3.2. The antenna 
patterns are incorporated to include the effects of antemia beamwidth in both azimuth and 
elevation.
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Figure 3.2 Coordinate system for antenna analysis [5]
■ Transmitted field
If  the ray travelling fi om the transmitter to the receiver intercepts a surface, the field is attenuated, 
and the expression to account for this is
exp(- jlo ) (3.5)
where T  is the transmission coefficient, which takes into account the material of the object, the 
angle o f incidence and polarisation, as presented in Chapter 2.
■ Reflected field
When a ray reaches a surface at point g , the reflected field can be obtained by (3.2)
E ,  =  EnR-s'+s-exv { - jk s ) (3.6)
where Eq is the incident fiend at reflection point Q, s' is the distance from the transmitter to Q, 
and s is the distance from Q to the receiver. R is the reflection coefficient, described in Chapter 2.
Considering Eg = Eq exp {-jks') / .s' and r  = s' + .s, (3.6 ) can be rewiitten as
E,. = ~ e x p ( - y f e ') P ^ ^ - e x p ( -  jks) = EqR —^ ^ qxp[~ jk (s  + s')] = ( 3 .7 )s -f s s + s
Reflection and transmission coefficients are calculated as if the incident waves were plane and the 
boundaries were plane and infinite. This is based on the main assumption of geometrical optics 
that the waves are locally plane waves. In (3.4)-(3.7), the factor l/r  applies for the spatial 
attenuation of the field and is called spreading factor.
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3.1.2 Geometricai/Uniform Theory of Diffraction
The GO theory only considers direct, transmitted and reflected rays. The geometrical theory of 
diffraction (GTD) or the uniform theory of diffraction (UTD) is an extension of the GO, and it 
overcomes some of the limitations o f GO by introducing a diffraction mechanism. The field 
strength of a diffracted ray can be computed by using GTD, or its extension UTD.
According to Keller’s law of diffraction [89], a ray obliquely incident at angle 6 to an edge will 
generate a cone of diffracted rays of semi-angle 6, with each of the diffracted rays within the cone 
satisfying the law of diffraction. This cone o f diffracted rays is known as Keller’s cone, which is 
shown in Figure 3.3. This contrasts with reflected and transmitted rays, where only a single ray is 
produced at each interaction. When 6 = ?r/2, the diffracted cone reduces to a disc.
Cone of diffracted rm
liffraction point
Incident ray
Figure 3.3 The cone of diffracted rays produced by a ray obliquely incident onto an edge
The original GTD formulation [89] failed to correctly predict the field for field points that are 
located in the transition region, e.g. fields are discontinuous at shadow and reflection boundaries 
and apply only to perfectly conducting wedges. UTD allows one to overcome the first limitation 
[90]; it predicts smooth continuous fields at the transition boundaries. For instance, considering 
the case of wedge diffraction, three distinct regions can be defined, as shown in Figure 3,4. In 
region 1 the field is the sum of direct and reflected rays, plus diffracted rays of negligible 
amplitude. In region 2 there is no reflection, whereas in region 3, which is the shadow region, the 
only field is the diffracted field. The diffraction coefficients calculated by GTD are discontinuous 
around the transition boundaries. To cope with that problem, GTD was extended to the uniform 
theory of diffraction, i.e. UTD. The extended theory yields continuous coefficients and applies for 
all points in space. In addition, the UTD can be simply modified in order to include finite 
conductivity, in the case of lossy wedges [91].
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Region 2Reflection
boundaiy Shadow
boundary
Region I Region 3
Figure 3.4 Regions around a wedge
GTD/UTD is based on the following assumptions [4]:
■ Fermat's principle can be generalised to apply for diffracted rays.
■ Diffraction is a localised phenomenon at high frequencies and as such it depends on the 
geometiy of the surface in the neighbourhood of the diffraction point only.
Fermat’s principle may be used to predict the existence of the diffracted point. Fermat’s principle 
states that every ray path represents an extremum (maximum or minimum) of the total electrical 
length of the ray, usually a minimum [5]. Once the shortest diffracted ray is determined, the 
diffracting point can be found, thus the diffracted field is determined from the incident field at the 
diffraction point with the aid of a diffraction coefficient, similarly to the reflection and 
transmission coefficients presented in Chapter 2.
n-face
Observation point
Plane b f  Diffraction
0-face
Plane o f  incidence Source point
Figure 3.5 Geometry of three-dimensional diffraction upon a wedge
As shown in Figure 3.5, a dielectric wedge with interior angle a is illustrated for oblique 
incidence. The diffracted field at observation point is given by
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E ^ ^ D -A ^ E qC--’’^  (3.8)
where Eq incident field at diffraction point Q
k  wave number
5 ' propagation path length from the source point to the diffraction point Q
s propagation path length from the diffraction point Q to observation point
A diffraction spreading factor, describing how the amplitude o f the field varies
along the diffracted ray
{l/V f fo r  plane and cylindrical wave incidence^s '/s{s+ s') fo r spherical wave incidence
0 '  angle between the plane of incidence and 0-face
0  angle between the plane o f diffraction and 0-face
D dyadic diffraction coefficient given by [13]
D = (3.9)
The plane of incidence contains the incident ray and the unit vector ë tangent to the edge at 
diffraction point Q. It should be noted here that the definition of plane of incidence is different 
from that in reflection and transmission. The plane o f diffraction contains the diffracted ray and g . 
An edge-fixed coordinate is introduced in order to simplify the calculation o f the diffraction 
coefficient, in which the incident field is resolved into Pq ' and f  components and the diffracted 
field into and components [13]
- e x  s' 
\ë X
= (3.10)\exs\
where 5 ' and s are unit vectors in the direction of incident ray and diffracted ray, respectively.
Dg and are soft and hard diffraction coefficients and given by [13]
A-,/i = A  + A  + K,h_n^3 + A,A_oA 3^ 2 1)
—' I cotIn-yjlTik sin A
'TT A. (/h — r 1F \k L a \ ^ - ^ ' ) \7U + {<I)-^') In
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N±
A  =
A
2n-f27ik sin A  
2nyl27ik sin A
■cot
cot
-cot
TV — — ( f f ^
2n
T V ( j > ' )  
2n
2n
F\kLa-{(l>-^')] 
F]kLd^{^ + (ff'^
2n-j2M  sin pQ
where n wedge factor = (27r-a)/ît, a: interior wedge angle (e.g. « -  1.5 for a  = 90° wedge)
Po angle between the incident/diffracted ray and the edge. (According to Keller’s
law of diffraction, they are equal)
F{x) a Fresnel integral given by
F{x)  = 2 j4xe^^
2 m N ^ ~ { é ±  ^ '1a* (^ ,^ ') = 2 cos'
integer that most nearly satisfy the following two equations 
2mN'^ -({^± ^ ') = ; r , 2mN~ -  { ^ ± f )  = --7r
L = r'rr'+r
5sin^ pQ
fo r spherical wave incidence
fo r cylindrical wave incidence 
fo r  plane wave incidence
where the cylindrical wave of radius r '  is noimally incident on the edge, and r is the 
perpendicular distance of the field point from the edge [90].
Rg,hj, Rs.hji- reflection coefficients for perpendicular or parallel polarisation for 0-face 
with an incident angle 0 ' and for n-face with a reflection angle n7r-0.
The GTD/UTD approach is appropriate for examining diffraction over obstructions that cannot be 
treated as absorbing knife-edges and their shape and the materials from which they are built must 
be accounted for, e.g. at the sharp building interfaces in urban areas, where diffraction of radio 
waves around building corners and over rooftops is considered.
39
Chapter 3. Ray-tracing Propagation Models
3.1.3 Ray-tracing
Using GTD/UTD and GO, the power o f a specific ray arriving at a receiver location can be 
determined. However when considering a complex propagation environment, with many potential 
obstacles, the determination o f which ray path arrives at the receiver is not a simple task. 
Furthermore, due to multipath propagation, more than one ray contributes to the received signal.
The objective of ray-tracing is to identify the significantly strong rays from transmitter to receiver. 
Theoretically, a very large number of ray paths exist between transmitter and receiver. It is 
obvious that finding these rays and calculating the corresponding field requires a huge amount of 
computational power. However, only a number of those rays carry enough power to contribute 
significantly to the overall signal strength at the receiver. Reflection, and refraction or 
transmission are computed by simply applying GO. Diffraction is usually computed using 
GTD/UTD.
The ray-tracing algorithm identifies these strongest rays, based on certain criteria. A popular 
approach is to limit the number of interactions between transmitter and receiver for a ray to be 
considered. For example, rays with up to five interactions can be considered, with no more than 
three transmissions and up to five reflections. It should be noted the actual definition for which 
rays are considered important relies heavily on the propagation scenario studied.
Generally the steps required to determine the field at a receiver are:
" Trace all the important (based on the predefined criteria) ray paths between transmitter 
and receiver which are consistent with GO and UTD.
■ Find the reflection and transmission coefficients and the diffraction coefficients for all 
interactions included in the calculated paths.
■ Sum up all ray paths, with regards to both amplitude and phase.
The contribution of multiple propagation paths to a sample point can be summed up in two ways, 
which can produce quite different results [92]:
■ With the power-of-complex-sum method, each path contributes a field, considering both 
the amplitude and phase. The total signal power is obtained from the sum of the 
individual complex rays. The paths may add constructively or destructively, depending 
upon the phase. The local mean power is estimated as the average of predicted powers for 
a large number o f closely spaced points.
■ With the sum-of-individual-ray-powers method, the total signal power is obtained by 
summing the individual ray powers. This summation predicts local mean power at the 
sample point, assuming no correlation o f the spatial phase dependence of distinct
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incoming paths. This approach requires much less computation and is never less accurate 
than the first method for predicting local mean signal strength in indoor environments.
Following these steps, the total field can be expressed in the form of a complex summation
r ^ R i  ^ T i  ^ D l 1
i I 7=1
(3.12)
fc=i /= i
In the above formulation each ray path i consists of iV«, reflections, Nn  transmissions and Noi 
diffractions. Ry, Tik and Ay are the corresponding reflection, transmission and diffraction 
coefficients respectively. The total path length is n and the factor Ai is the spreading factor. Eq is 
the reference field at the transmitter. Finally the exponential term corresponds to the phase 
difference due to the propagation delay o f each ray.
Figure 3.6 presents a simplified indoor propagation scenario. Path 1 consists of one transmission, 
path 2 o f one diffraction and path 3 of one transmission and one reflection. Assuming that these 
are the most important paths, the corresponding reflection, transmission and diffraction 
coefficients can be calculated. According to (3.12), the total field expression is given by
E = EqAiT^ exp{- jkr^)+ EqA^D2 x ^ ( - 7 ^ 2 ) + A )
or in a more general form [16]
(3.13)
(3.14)
/= !
where N  = 3 in this example. A  represents the electric field due to each one o f the N  ray paths 
between Tx and Rx.
Path 3 Tx
Path 2
Path 1
Rx
Figure 3.6 An example of ray paths in an indoor environment
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3.1.4 Environment Modelling
In order to implement ray-tracing, information regarding the geometric description of the scene 
and the constitutive parameters of the materials involved is required.
3.1.4.1 Geometric Description
A typical propagation environment usually contains a very large number of potential obstacles; 
building walls and ceilings, windows and doors, lamp posts, trees, vehicles etc. For indoor 
propagation even furniture and people can affect propagation [16]. It is not usually feasible to 
model all these objects in the propagation model. On the other hand, only a small subset of this 
data is typically available to wireless engineers, hence the geometric description of the 
environment is usually simplified to include only the most important featuies. The level of detail 
the model should include depends on the type of propagation scenario studied, the desired 
accuracy and the available data.
The most common form of representing the objects in the environment is by using a plane facet 
model; that is the surfaces of buildings, terrain and other objects o f the scene are modelled with 
polygonal plane facets [16]. In this way, each building wall is usually presented by a four-sided 
facet and roofs are modelled with an arbitrary number of sides, as shown in Figure 3.7.
The geometric shape and location of buildings and external walls is essential information for 
outdoor propagation, while it might also be necessary to take into account the terrain data. The 
ground surface is also modelled by plane facets. In plane scenarios, a single facet can be enough 
to model the ground, while in hilly areas multiple facets are needed to model the ground as it 
cannot be considered flat. When an indoor environment is considered, information on the internal 
building structure is also required.
Buildings
Figure 3.7 Facet models of buildings
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3.1.4.2 Constitutive Parameters of the Materials
Constitutive parameters of all the modelled objects are needed. These parameters affect the 
reflection and transmission coefficients at each interaction. These parameters refer mainly to the 
relative permittivity relative permeability pr and conductivity a.
Since most construction materials are non-magnetic, the relative permeability is usually 
considered equal to unity. The above parameters vary with frequency. Furthermore, when the 
study is not limited by the assumption o f smooth surfaces, to account for the decrease in the 
reflected energy in the specular direction, roughness for each modelled object should be 
included [16]. Reflection coefficient for a rough surface is determined using (2.50). Normally 
information about the roughness and constitutive parameters of the materials is not directly 
available, but one has information relative to the type of building materials and o f the ground, so 
these parameters can be indirectly obtained [16].
3.1.4.3 Building database
In order to incorporate site-specific information into a propagation model, a database must be 
developed to store and handle the required building and terrain data. Geometric data can be 
obtained from a variety of sources, e.g. architect blueprints, city planners, etc or constructed by 
users. In the database the stored data includes the following [16]:
■ Number of facets.
■ Number of vertices o f each facet.
■ Coordinate of the vertices of each facet.
■ Type of material used as an attribute for each facet.
Details on how the data is stored in the database can be found in [16]. In the optimal case, the 
database contains three-dimensional information o f the enviromnent. Sometimes only 2 0  data is 
available and in these cases, in outdoor environments, terrain is assumed to be flat and an 
approximate building height can be chosen for all buildings in order to create a faceted model. 
Sometimes, the approximate building heights can be achieved by knowing the number of floors of 
each building. Some propagation models work on the 2D database for the convenience of 
application, where diffractions from rooftops are neglected. This is a valid assumption if buildings 
are much higher than the transmitter height. In an indoor environment, a 3D faceted model can be 
obtained by combining a 2D description with height information of each floor of the building.
A database manager and a graphic interface are also required to visualize the enviromnent and 
present prediction results to users in a suitable way. AutoCAD  is an industrial-standard CAD
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package, in which building data can be finely edited and presented (Figure 3.8). An alternative is 
to develop one’s own graphical interface.
Propagation
Simulator
Input file in standard graphic 
format
CAD program
Output data
Terrain- 
Building data
Graphical 
representation 
of results
Figure 3.8 The use of a CAD program in a propagation simulator
3.2 Ray-tracing Algorithms
Using the principles outlined in the previous section, different ray-tracing algorithms have been 
developed in the literature, which provide different approaches to the procedure of predicting the 
field strength. The ray-tracing models can generally be grouped in two categories i.e. the shooting 
and bouncing ray (SBR) launching method and the image method. This section starts with the 
introduction of the shadowing test, which is the basic principle of the ray-tracing algorithm, 
followed by the SBR and image method, respectively. Hybrid methods, which combine the 
advantages of the SBR and image method are presented as well.
Source point (S)
Scene object Ray path
Figure 3.9 Shadowing test
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Ræ
Facet
Plane
(a)
Ray
Facet
Plane
(b)
Figure 3.10 Ray-plane intersection and intersection point inside (a) or outside (b) the facet
3.2.1 Shadowing test
What most models have in common is that they perform a test known as “the shadowing test”. As 
discussed in [16], this is an operation in order to determine if  an observation point is visible from 
a source point. In other words, the aforementioned test determines if  any object of the scene 
occludes a given ray path from a source point to an observer point as shown in Figure 3.9. In 
faceted models the shadowing test is reduced to repeatedly applied ray-facet intersection tests. To 
determine whether a ray hits an object or not is a classic problem in computer graphics. The rays 
can be considered as 3D oriented segments, i.e. segments with a given direction. A ray-facet 
intersection test is used to determine if  the ray paths are occluded by the corresponding facet. A 
simple ray-facet intersection algorithm is proposed in [16], which determines: the intersection 
point o f the ray with the plane on which the facet lies, and whether the intersection point is inside 
or outside the facet. If the point is inside the facet, there is ray-facet intersection; otherwise there 
is no ray-facet intersection, as shown in Figure 3.10.
3.2.2 Shooting and Bouncing Ray (SBR) Launching Method
The shooting and bouncing ray launching method is also known as the ray launching or pin 
cushion method. A SBR algorithm starts at a transmitter location and sends thousands of test rays 
in every direction into the environment that may or may not be received, as demonstrated in 
Figure 3.11. Each launched ray has the same solid angle with respect to transmitter. Starting from 
the source point, the algorithm follows the source ray direction and detects the closest object 
intersected by the ray.
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Tx
.eception
sj^ere
Figure 3.11 SBR illustration
First a ray is launched for each direction from the Tx, then the ray path is traced to detect if it hits 
any object or it is received by the Rx. If it does not hit any object, the process stops and a new 
source ray in a different direction is launched. If a ray intersects with an object, it is either 
decomposed into a reflected and refracted ray or into a family of diffracted rays. The program 
determines whether the reflected/transmitted/diffracted ray from the intersection point has an 
unobstructed path to the Rx. This recursive process (launching a ray at a given angle and tracing 
its path) continues unless any of the following condition occurs:
■ The specified number of intersections is exceeded.
■ The ray energy falls below a specified threshold.
■ No further intersections occur.
When the ray is received, the electric field strength associated with the ray is calculated. It is 
necessary to consider all possible ray launch angles. Figure 3.11 shows the schematic of the SBR 
method in a 2D case. It is shown that many rays are launched from the Tx and are reflected by 
walls. At the end of the process a fewer number of rays may be received, where the received rays 
are plotted as solid lines. There are some fundamental issues which need to be considered when 
performing the SBR method
How to launch a ray: The ray launched is actually a ray tube or ray cone, as shown in Figure 3.12 
[17;43;44]. When ray cones are used to cover the spherical wave front, at the receiver location, 
these cones have to overlap [17]. When the ray tubes are used, the spherical wave front can be 
covered without the overlapping of ray tubes.
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Ray cone Ray tube
Figure 3.12 Ray model (a) Ray cone (b) Ray tube
How to determine whether the ray is received'. For the ray-cone scheme, a reception sphere, with a 
defined radius, has to be introduced to determine whether a ray is received or not by a receiver. 
One has to check if the ray intersects the reception sphere. If it does, the ray is received and 
considered to contribute to the total received signal; otherwise it is not. For better accuracy, it is 
desirable that a ray launched from the transmitter maintains a constant angular separation from its 
neighbouring rays. This ensures that each ray represents an equal, regularly shaped and unique 
portion of the total spherical wavefront. The sphere radius r must effectively account for the 
divergence of the rays from the transmitter. A correct reception with the correct radius may 
receive exactly one ray each time.
Correct reception sphere
Undersized reception sphere
Oversized reception sphere
►
Figure 3.13 A 2D representation of reception sphere. Total ray path length is d  and angular 
separation is a .  The correct reception radius is a d / 1
If r is oversized, more than one ray from the same wavefront will be added wrongly to the total 
received power. If it is undersized, the rays of the same wavefront will not reach some receivers. 
It is important to emphasize that the reception sphere radius is proportional to the unfolded path 
length from the transmitter to receiver and is different for each ray path [17]. The radius of this 
sphere is determined by the angular separation of the launched rays and the total path length; 
relative formulas are given in [16; 17]. In the 2D case, this problem can be easily solved. As 
shown in Figure 3.13, for two neighbouring rays separated by an angular spacing a at the 
transmitter and at a distance d  from the transmitter, the linear distance between them is 
approximately; L = ad. Therefore, r = ad/2 is taken as the reception radius in the 2D case. In a 3D 
case, r = a d / S . However, some ray cones will overlap each other, when the receiving point is in
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the overlapping area between the ray cones, the receiver will receive two rays and double 
counting occurs [93]. This gives rise to errors and methods are proposed to solve the problem in 
[93;94].
In contrast, with ray-tube methods, there is no need for a reception sphere algorithm as the power 
associated with each tube is added to the receivers located inside the tube. A sample point is 
captured by a ray if it lies inside the “capture tube” of the ray; the “capture tube” is a polyhedral 
tube about the ray with triangular cross section.
3.2.3 Image Method
The image method is a simple and accurate method to determine the ray path between the 
transmitter and receiver. It considers all the obstructions as potential reflectors and calculates their 
effect based on image theory. Given a transmitter and an object (facet), the ray reflected from the 
object can be considered as radiated by the image of the transmitter (image source). The image 
source is located symmetrically to the transmitter with respect to the plane that contains the facet. 
In Figure 3.14(a) a basic example is shown. The image is independent of the observation point Rx 
and depends only on the location of the source point Tx and on the position and orientation of the 
facet.
Rx2Tx
Rx Rxl
/  Tx 
image
Tx
image
Figure 3.14 Examples of image method and (a) reflected ray (b) invalid ray
The reflection point R can be calculated as the intersection between the ray segment Tx image-Rx 
and the facet. Although it is very simple in principle, the method of images can get complicated 
when used in a typical environment with many facets. The reason is that many rays are not 
physically realisable due to two reasons, highlighted in Figure 3.14(b):
■ The reflection point may reside outside the facets limits.
■ The ray path may be obstructed by another facet.
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Rx
Tx
R2
R1
2nd order \  
image \.Xx2
Figure 3.15 Double reflection using images
The image theory can easily be extended to multiple interactions. For example in Figure 3.15 a 
double reflection is shown to illustrate the basic idea of the image method: First, the T‘ order 
image of Tx due to facet 1 is determined and called Txl. The 2"** order image, which is the image 
of the 1®‘ order image due to facet 2 is then calculated and called Tx2. Once the two images are 
defined, the path is determined. Using the receiver location Rx and the 2"  ^ order image Tx2, the 
reflection point on the second facet (R2) is determined. Then using point R2 and the U* order 
image Txl, the reflection point on the facet (R l) is determined. Finally, the algorithm 
determines if the double reflection path Tx-Rl-R2-Rx is valid. This is only true when:
■ The two reflection points lie in the respective facets limits.
■ Each of the three path segments is unobstructed by other facets.
In this procedure, the definition of images depends only on the environment geometry and the 
transmitter position. Hence the calculated images can be used to find the ray paths for any 
observation point. So in the image method algorithm, transmitter images up to a defined order are 
first calculated. Then, based on these images, the ray paths for each observation point are 
determined. The process of starting from the highest-order images and working back towards the 
transmitter is also called a ‘backward method’.
3.2.4 Hybrid Method
The advantage of the image method is that it does not require the reception sphere test when 
compared to the SBR method. It is a point-to-point ray-tracing technique and provides accurate 
results. However, it suffers from inefficiencies when the number of facets involved is large and 
the reflection orders are high, unless illumination zone method is used [51;52], which is also 
presented briefly in the appendix of this thesis. So it is well suited only for radio propagation
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analysis associated with georaetiies o f low complexity and where a low number of reflections is 
involved [45].
In contrast to the image method, the SBR method is very powerful when used in complicated 3D 
environments [46]. However, the implementation of the receiver sphere technique leads to an 
approximation of only the magnitude of the field at the receiving point.
S.Y. Tan and H.S. Tan [47] proposed a 2D hybrid model based on a test ray and image method. 
The test ray is based on ray launching to find the generated images. Shin-Hon Chen [43] proposed 
another hybrid method named SBR/image. In this method, the reception sphere is not needed as 
ray tubes are traced instead of ray cones. If  the Rx is within a ray tube, the ray tube will contribute 
to the received field at the Rx and the corresponding equivalent source (image) can be 
determined. These hybrid methods have the advantages of the accuracy of the image method and 
the efficiency o f the SBR algorithm.
3.2.5 2D, 2.5D and 3D Ray-tracing Models
An important part of the ray-tracing algorithm is how the rays are generated at the source point. 
There are two basic approaches; two-dimensional (2D) and three-dimensional (3D) models. A 
combination of these approaches (2.5D) is also often used,
3.2.5.1 2D Ray-tracing Model [19;53]
The simplest of the fundamental ray-tracing models, is the two dimensional one. A 2D model can 
be used to approximate propagation in 3D environments in order to improve the efficiency of the 
ray-tracing algorithm. In some situations, for instance in high-rise urban environments, the 
transmitters and receivers are well below the rooftops and radio propagation happens essentially 
on a horizontal plane (x,y) and only contributions due to the ground are taken into account (z 
direction). Its implementation is the simplest one, since only building footprint information is 
necessary and mainly 2D reflections are computed.
3.2.5.2 3D Ray-tracing Model [i?;55;58;59;80;95]
The 3D ray-tracing model is the most generic and diverse, since it can take into account almost all 
radio propagation mechanisms. It demands more computation time, so it usually employs 
acceleration techniques. In building rich urban environments with complex layouts, 3D models 
can predict relatively accurate field strength, by computing multiple diffractions and propagation 
over rooftops. Usually the computational efficiency of a 3D model is a trade-off between the 
accuracy and the number and types of interactions, introduced in the ray-tracing algorithm.
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3.2.5.3 2.5D Ray-tracing Model [52;6l]
The 2.5D model is an attempt to improve the efficiency of the ray-tracing algorithm while still 
maintaining an acceptable accuracy. The models work as follows: the 3D environment is 
projected into the horizontal plane and the rays are traced in 2D; the heights of the objects 
together with the elevation angles of the rays are then used to convert the 2D paths to 3D. 2.5D 
models can achieve a significantly faster computational time than 3D models.
3.3 An Example of Indoor Coverage
As a simple example, in order to predict the coverage in an indoor environment (30m x 25m x 
3m), depicted in Figure 3.16, ray-tracing requires detailed information concerning the following:
■ Location, layout and heights of the possible obstacles (walls, windows, doors, furniture
and so on), with the transmitter and receiver information. This is required for determining
if a ray launched from the transmitter will intersect with an obstacle or not. In this
example, the transmitter at 2.4GHz is 1.5m high and located in the central corridor.
Receivers are uniformly distributed in the scenario at the same height. Both Tx and Rx
are assumed to be isotropic antennas.
■ Construction of the obstacles. Whether an obstacle is made up of layers or sections of
different materials is important in the radio propagation prediction. External and internal
walls are assumed to be made of smooth homogenous brick, having a thickness of 0.3m
for external walls and 0.15m for internal walls. Windows and doors are made of a single
layer o f glass and wood, with thickness of 0.01m and 0.05m, respectively.
■ Constitutive parameters of the materials making up the obstacles. The electrical properties
of a material determine its reflection, transmission and diffraction coefficients, which are
crucial for predicting the behaviour of the ray at the obstacle. Table 3.1 lists the
constitutive parameters of the materials involved in this indoor scenario.
Material Relative permittivity Conductivity (S/m)
Brick [39] 4.26 0.0197
Glass [96] 4.05 5 .7 x 1 0 ^
Wood [9] 1.9 0.008
Table 3.1 Constitutive parameters of the material involved in Figure 3.16
With the above information, a 3D ray-tracing algorithm based on image method, descried in 
Section 3.2.3, can be carried out to predict the received signal power. Figure 3.17 shows the 
received signal power distribution in the scenario of interest.
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3.4 Factors Influencing the Prediction Accuracy of Ray-tracing
3.4.1 Limitation of GO and UTD
Ray-tracing is a technique that utilizes high-frequency approximations [97]. When implemented 
for indoor radio propagation, some issues must be considered carefully. It is well known that GO 
provides good results for electiically large objects and UTD is rigorous only for perfectly 
conducting wedges [98]. When used in indoor environments with scatters having dimensions 
approaching the wavelength of operation and scatters of finite conductivity, ray-tracing fails to 
predict the correct fields.
Methods for calculation of diffraction coefficients for materials with finite conductivity have been 
introduced for a limited range of applications [91]. In [97], a new set of diffraction coefficients is 
presented for calculations involving obstacles with finite conductivity. In [98], a hybrid technique 
combining ray-tracing and finite-difference time-domain (FDTD) for site-specific modelling of 
indoor propagation is presented. FDTD is iised to study areas where ray-tracing solutions are not 
sufficiently accurate. This technique ensures improved accuracy and practicality in terras of 
computational resources since FDTD is only applied to a small portion of the entire modelling 
environment.
3.4.2 Accuracy and Detail of Information Available on the Environment
The accuracy of ray-tracing depends on both the positional and description accuracy o f the 
buildings and terrain involved and on the accuracy of the constitutive parameters of the media 
involved.
Due to the fact that environmental databases and the constitutive parameters of the materials 
involved may not be accurate, the ray-tracing method can only provide approximate results. Extra 
detail and accurate information about the enviromnent, for example, information about the 
smoothness or roughness of the surfaces or characterization of the walls as layers or sections of 
material, can increase the accuracy of a model [2 ].
3.4.3 Type and Implementation of the Ray-tracing Algorithm
The type o f ray-tracing algorithm chosen to model a particular environment can influence the 
accuracy of the model. For example, a 2D image method that does not consider corner diffraction 
would provide less accurate results in a complex indoor environment. Another factor affecting the 
accuracy of the prediction is the incomplete account for all kinds of rays and dominant 
propagation mechanisms.
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In [99], the relationship between the received power and different ray combinations and 
interactions, wall materials characteristics, antenna position offsets and database inaccuracies 
were investigated,
3.5 Summary
Ray-tracing as a deterministic radio wave propagation model was examined in this Chapter. Ray- 
tracing techniques are based on GO and UTD/GTD:
■ Geometrical Optics (GO): a method to determine the incident, reflected and refracted 
wave fields.
■ Geometrical Theory o f Diffraction (GTD): the GO extension in order to include 
diffraction.
■ Uniform Theory of Diffraction (UTD): the extension o f GTD which improves the 
predictions at transition regions.
The ray-tracing technique is a high frequency approximation in which radio waves are modelled 
as rays that interact with objects according to the laws of reflection, transmission and diffraction. 
Rays can be traced from a transmitter to a receiver location where the amplitude and phases of the 
rays are summed to determine the received signal strength. Different ray-tracing algorithms, e.g. 
the SBR and image method are described. Depending on the simulated environment, ray-tracing 
can be time-consuming, requiring high processing power and computer memory. Acceleration 
techniques might be necessary in this case. A general review of acceleration algorithms is 
presented in Appendix o f this thesis.
The prediction accuracy of ray-tracing is influenced by limitations of GO and UTD, the accuracy 
and detail of information available on the environment and the type and implementation o f the 
ray-tracing algorithm used. The influence o f selected factors on the accuracy of prediction will be 
highlighted in the subsequent chapter.
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Chapter 4
4 Radio Propagation within and between 
Buildings
In this chapter, the importance of factors that affect propagation characteristics within and 
between buildings has been assessed throughout the developed simulation process. Propagation 
through building windows is reviewed and highlighted first of all, followed by investigating the 
impact o f environment variation on radio propagation prediction within and between buildings. A 
ray-tracing simulator is built to predict signal strength in a multi-floor building. The environment 
variation refers to the geometry o f the scenario and the constitutive parameters of the materials.
4.1 Radio Wave Propagation through Building Windows
4.1.1 Introduction
A feature o f buildings is that part of its surface is covered with windows. Different buildings may 
have different types of windows and different percentages of windows. Ordinary windows consist 
of metallic frames (e.g. aluminium frame) and glass (e. g. plane/metallized glass).
Building windows have a great influence on the outdoor-to-indoor radio wave propagation in 
wireless systems [100]. Different methods to model propagation through windows have been 
proposed and investigated, and also many measurements have been performed by different 
researchers. It is shown that wave transmission through windows generates a diffraction pattern, 
which cannot be accounted for through a single transmission coefficient parameter [1 0 1 ].
This section presents a comprehensive review of existing deterministic models developed for 
propagation through a single window at UHF (0.3-3.0GHz) and above. In general, all 
deterministic models from the literature survey can be categorized into:
■ GTD/UTD based models with corner diffraction corrections [102-104].
■ Huygens-Fresnel wave or Fresnel Kirchhoff (FK) diffraction models [42;105-107].
■ Numerical methods: e.g. finite-difference time-domain (FDTD) [101] and method of 
moments (MoM) [108].
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The above models are briefly described in section 4.1.2; their performance will be discussed and 
evaluated as well; Section 4.1.3 will present simulation results and a comparative study, focusing 
on the GTD/UTD and FK diffraction model. This section concludes with a brief summary.
4,1.2 Existing Models
4.1.2.1 Models Based on GTD/UTD with Corner Correction
Consider a wave incident onto a straight edge of a window frame: propagation through a window 
can be modelled by single wedge diffraction. GTD/UTD is described in Section 3.1,2. The 
diffracted ray paths are determined by a generalization of Fermat’s principle: an extreme path 
subject to the constraint that it must include a point somewhere on the edge. The point is the so- 
called diffraction point. GTD/UTD is initially valid for infinitely long wedges, i.e. as long as the 
diffraction point is sufficiently far away from the corners of the wedge [104]. A corner is formed 
by the intersection o f two edges. As a consequence, its application to finite wedges causes the 
field to be discontinuous at the corners. A window is normally modelled as a rectangular or square 
opening having four corners in total. As far as the GTD/UTD is concerned, these discontinuities at 
a window’s four corners can be treated by using corner diffraction [104] or an alternative physical 
method based on equivalent currents [109].
In [103], a window is approximated by a rectangular opening on a thin and conducting sheet. The 
propagation model through the window is based on GTD with corner diffraction corrections 
[104]. Only single diffraction by the window frame is taken into account. Window glass is 
ignored, thus attenuation loss due to glass Is not considered. The results are considered to 
represent the upper bound optimistic predictions in terms o f link performances. In contrast, a 
UTD model is also introduced in [108], where diffraction at both window frame corners was 
modelled as thin dielectric slabs by UTD expressions [102].
The main advantage of a GTD/UTD based model is that it provides a clear physical insight into 
the diffraction process at a window and the diffraction can be included in all site-specific ray- 
tracing propagation models for indoor or outdoor to indoor enviromnents. However, UTD is 
rigorous only for perfectly conducting wedges. UTD models for lossy wedges [91] or thin 
dielectric slabs [1 0 2 ] are just a heuristic extension o f the coefficients for a perfect electronic 
conductor (PEC) wedge. Neither of them is accurate enough to describe the diffraction from a 
window frame. Also, due to high-frequency limitations of UTD, i.e. the size of the scatter must be 
large in terms o f the wavelength at the given frequency, it is impossible to model the scattering on 
the window using a UTD model [108].
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4.1.2.2 Models Based on Fresnel-Kirchhoff Diffraction Theory
The geometry o f a typical window is approximated by a combination of some rectangular 
apertures surrounded by metallic frames, thus radio propagation through building windows is 
converted equivalently into the wave penetration through these apertures. Replacing the metallic 
window frames by perfect absorbers, the field intensity of a radio wave passing through one 
rectangular aperture can be calculated by using the aperture-field method of Huygens-Fresnel 
wave or Fresnel-Kirchhoff (FK) diffraction theory (physical optics) [107;110].
The field diffracted by the aperture at point P, can be written in the following scalar integral 
[110], as shown in Figure 4.1
Field Point: P
Figure 4.1 Field arriving at point P  can be found as a sum of contributions for the element </S* =  d x d y
of the whole aperture area
d n d n
dS' (4.1)
where E{Q') and ÔE(Q')/ ôn are the electric field component, and its first derivative at a surface 
element point Q, radiated by the source T. n is the unit vector normal to the surface element dS'. 
^ r )  = e'^^I r  is a spherical wave function and r (m) is the distance from the aperture source point 
Q' to the field point P. p (m) is the distance from the source point T to the aperture source point 
Q. a and a' are angles formed by the unit vector n, normal to the surface element dS' = dxdy, with 
the incident wave and diffracted wave unit vector, respectively. S is the area of the rectangular 
aperture, i.e. S = ab.
Equation (4.1) holds for small angles of a [110] and can be regarded as the mathematical 
expression of Huy gen’s principle for a scalar wave; the resultant wave amplitude at P is again 
expressed as a sum of contributions for the elements of surface dS'. The distance p is much bigger 
than the wavelength, or Q' is in the far-field region of the source, therefore E(Q') = 
represents the incident spherical wave radiated by the source S. Here Ai is the amplitude at a unit 
distance from the source.
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d n dp
1 ..............................■{jk + —) cos(«, p ) = -jkA^P P P cos{n,p) (4.2)
where Mp is neglected compared to the wave number k = 2tvIX, and the angle («, p) depends on the 
integration surface curvature. Similarly,
dn r r (4.3)
Substituting the two derivatives into (4.1) gives
1 ff e
Atv a -
- j k r , - J k p
 cos(«,/9 ) dS'—An l i
e~Jk>- j
 { jk  + —) cos(«, r)r r
with
£ (P ) = ^  I I  £, (6 ') cos(n .r)+ cos(«, />)] -  5 2 ! ^
cos(«, r ) ~ ~  cos a  cos(«, p) = cos a'
£(/>) = J _  y^(cosof + cosûr')+4;r r
cos a dS'
(4.4)
(4.5)
(4.6)
Equation (4.6) can be explained by Huygens-Fresnel principle, which states that each point Q' on 
a given wavefront can be regarded as a secondary source which gives rise to a spherical wavelet; 
the wave at a field point P  can be obtained by superposition o f these elementary wavelets with 
due regard to their phase differences.
With r much larger compared to the aperture size and wavelength, i.e. P  is in the far field and k  = 
2n/X »  Mr, cosaJr can be neglected, so the field at point P becomes
7 rr£ (P ) = ^  J I  ) “ [cosa + cos
- j k r
r
or  — [coscr + cosor']<f6 "
- jk (p + r)
(4.7)
(4.8)
In [107], a prediction model employing an aperture-field method of Huygens-Fresnel wave theory 
is put forward to analyze the penetration loss of a UHF wave travelling through external windows 
in multi-floor buildings. In this model, ordinary windows o f a reinforced concrete building are 
supposed to consist of metallic frames and plane glass. This structure is further approximated by 
rectangular apertures surrounded by perfectly conducting frames. Since the penetration loss by 
plane glass is considerably small, its effect is ignored here, so the case studied represents an 
optimistic prediction in terms o f coverage. This model was also used to study outdoor to indoor
58
Chapter 4. Radio Propagation within and between Building's
propagation by combining the penetration through building wall interfaces. Multiple reflections 
and scatterings inside the buildings are ignored.
Digital television (DTV) propagation into a room with aluminium siding is investigated in [106], 
where the window is modelled as a rectangular aperture in a plane metallic wall. It is assumed that 
the internal electromagnetic field is comprised of the plane wave penetrating the external wall at 
some loss, and also the field created by the window. This analysis considers these components 
separately and then combines them. The incident plane wave is assumed to be normally uniform 
in amplitude and phase over the aperture, therefore cos a ' = 1 in (4.7).
In the above models, the window aperture is material free, i.e. the window glass effect is 
neglected. However, there are some cases where the presented model is not suitable, e.g 
metallized glass. Stavrou et al. [42] took into account the transmitted field at a point Q' by 
multiplying the incident field by a transmission coefficient T
E{P) = - ^ \ [ e ,{Q )T  (cosaAQOsa')dS' (4.9)
2 /i r
where T  describes the change in amplitude and phase for the finite thickness single or multilayer 
homogeneous slab, which can be calculated and takes different forms as presented in Chapter 2. 
In this case, the transmission loss caused by single window glass or double glazed window glass 
can be incorporated into the FK diffraction model. Stavrou et al. also further extended the model 
to study the outdoor to indoor propagation loss, treating windows, doors and wall segment 
sections as different type of apertures and compared it with measurements. A good agreement was 
achieved between the prediction results and measurements.
FK diffraction theory provides a scalar description of the electromagnetic wave. By applying a 
scalar solution to a vector phenomenon, one simplifies the problem but loses the ability to model 
any dependence on polarisation. The limits of validity of the FK approach is that it requires the 
assumption o f perfectly absorbing material in the obstacle edges. As supposed, the FK diffraction 
solution cannot be expected to be accurate in the immediate neighbourhood of screens and 
obstacles. The distance to and from the aperture/screen must be much greater than its dimensions 
and the wavelength. In these cases, more exact analytical and numerical boundaiy-value methods 
have to be employed [7].
4.1.2.3 Models Based on Numerical Methods
Due to the high-frequency nature, approximations and limitations of UTD based and FK 
diffraction models, a more accurate approach is needed to include the complex scattering effects 
by using a full-wave numerical method.
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A  hybrid ray-tracing/FDTD approach for indoor/outdoor propagation through windows is 
proposed in [101]. The diffraction pattern calculated using two-dimensional (2D) FDTD was 
represented by an equivalent ray representation. Each ray includes amplitude, phase, and direction 
information that are calculated from the FDTD data, and can be integrated into an existing ray- 
tracing algorithm. When the number of rays increases, the accuracy o f results improves. The ray 
approximation is fairly accurate when the test position is at a sufficiently large distance from the 
window.
Parameters such as the effect of the window size on the diffraction pattern were investigated in 
[101]. This distance dependence is also a function of the window size. For a smaller window, the 
necessary separation distance will be less; and for a larger window, the required separation 
distance will be greater. As the window size increases, more energy is concentrated in the main 
lobe; however, this also results in an increase in the number of side lobes.
The effect o f the type and shape of the metal frame around the window on the diffraction pattern 
were also examined in [101]; which can not be modelled by GTD/UTD based or FK diffraction 
models. The window frame type plays an important role in indoor/outdoor transmission and, 
hence, different window models need to be developed for different metal-frame shapes. Also, the 
accuracy o f the developed ray-optics equivalent window model for the case of oblique incidence 
is verified in [1 0 1 ].
Similarly, a window structure is accurately included in a ray-tracing model by an Integral 
Equation Approach in [108]. This integral equation approach leads to a full-wave solution, 
meaning all important propagation mechanisms are accurately included. Also an incidence-angle- 
dependent window width and contraction were introduced in the ray-tracing model in [108], in 
order to improve the accuracy of the ray-tracing model. Shielding influence of metallic coatings is 
investigated as well in [108], which is used to treat most glass types.
Numerical methods are more accurate compared with GTD/UTD based and FK diffraction 
approaches, but they are time consuming and complex to implement. Due to the 2D 
approximation of a window structure, only diffraction from the vertical frames was considered 
while diffraction from the horizontal frames and corners was neglected [101;108].
4.1.3 Simulation Results and Comparison
GTD/UTD and FK approaches are both approximate modelling methods when considering 
window diffraction; however little comparative studies or general comments have been done or 
given so far. In [111], Hatem et a l compared a FK scalar approach to a vectorial GTD approach 
applied to a four-ray system in an urban environment. However, the four-ray GTD model is not 
able to model the diffr action from the window in some cases. Due to the finite length of window
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edges, there will be no diffraction points for some receiver positions, so none of the four rays 
exists.
As mentioned earlier, the classical UTD wedge model can not model the corner diffracted field 
correctly, therefore a UTD-infinitesimal diffraction model [109] based on UTD edge equivalent 
currents is used. The field diffracted by an edge can be expressed as resulting from the integration 
of a line source of current along the length of the wedge. All contributions o f the infinitesimal 
segments o f the edge are taken into account; therefore it overcomes the discontinuity of the field 
when the diffraction points are close to the window corners. Also one does not have to find the 
diffraction point as in the classical UTD/GTD wedge modelling method. The diffracted field at P 
calculated by the UTD-infinitesimal diffraction model is given as follows [109]
E ( P ) = l g , . C . E , { r ' ) ^ d r '  (4 .10)
where r': the position of any point of the wedge ( 0  < r ' < /)
/: the length of the wedge
r": the path length between this point r' and the observation point
gie^'^EJr: incident vector field dXr',r being the path length from the transmitter to 
the considered point {r% and E^the transmitted field
gr and gi: complex vectors accounting for the receiving/transmitting antenna polarisation 
and amplitude gain in the direction of the received/transmitted wave
k: wave number
C: dyadic coefficient, given by
C = {D,(r')Â[ê -(ê.s")5]-Dj(»-’)^''[êx ^ ]} (4.11)
A,/, are classical UTD coefficients, as defined in (3.11), which depend on the diffraction angle Pq. 
A diffraction angle Pq can be calculated such as
sin Pq = ^sm pQ ^sm p^a  (4.12)
where Po.t is the angle formed by the incident ray and edge, and po,d is the angle formed by the
diffracted ray and edge. They are not equal in this case and must be evaluated at any point r' on 
the edge è ,s  ,p'^ and are the same as those defined in (3.10).
In this section, simulation results will be presented based on the implemented FK diffraction and 
UTD-infinitesimal model. A simple example is shown in Figure 4.2, where a receiver is placed 
behind a windowed wall which is made o f thin perfect metallic materials. The study is limited
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here to a comparison of diffraction modelling approaches, so other contributions, e.g. reflection 
before/after diffraction and/or transmission through the wall are not considered. Knife-edge 
diffraction is a special case of a general solution for wedge UTD diffraction considering the 
particular case of a wedge angle of 0 ° [91 ].
Path2
Rx
Tx Pathl
’effect metallic wall
Figure 4.2 A perfect metallic wall with an aperture window size: a x b (m)
4 2 0 -2 -4
D istance a long path 1 (wavelength)
Figure 4.3 A single window diffraction pattern based on the Fresnel-Kirchhoff model at 2.4 GHz,
window size: 0.8 x 0.8 (m)
The transmitter Tx is operating in the UHF frequency range, from 0.9Hz to 3GHz, with di = 5m. 
The transmit power is lOOmW. The Tx always points at the centre of the window. The receiver 
Rx moves along the specified path 1 or path 2 inside the room. Path 1 is parallel to the window 
wall at a certain distance d\\ path 2 is perpendicular to the window wall, where d\ is varied. The 
Rx height h\ is equal to the Tx height hi. The distance di between the Tx and the obstacle, d\
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between the obstacle and the Rx, as well as the dimensions of window are assumed to be much 
greater than the wavelength for the FK and UTD model to be applicable. Figure 4.3 shows a 
single diffraction pattern through a 0.8 x 0.8m window, at 2.4 GHz, based on the implemented FK 
model.
II
Point* «long path 1 (m)
(a)
I
Point# along path 1(m)
(b)
I
I
Points along path 1 (m)
(c)
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Figure 4.4 Comparison of UTD-infinitesimal and Fresnel-Kirchhoff model results for field along the 
test path 1 at 0.9 GHz (a), 1.8GHz (b), 2.4GHz (c) and 3 GHz (d), respectively. Window size: 0.8 x 0.8
(m)
Figure 4.4 compares the fields from the UTD-infinitesimal and FK model at different frequencies 
along test path 1 with di = 2m. Note the field is normalized to the free space case. Path 1 is 10 m 
long. A good agreement between the two different methods is achieved for the points in the centre 
of Path 1, while up to 7dB difference is observed at the points far from the centre of the path. This 
validates the implemented UTD-infinitesimal and FK model. The explanation for this discrepancy 
is that (4.7) only holds for the small angle of a. With the frequency increasing, the number of 
diffracted side lobes is increased.
Figure 4.5 compares the field from the UTD-infinitesimal and FK model at different frequencies 
along test path 2. Path 2 is 5m long with di varying from 2m to 7m. It can be observed that, a 
better agreement is achieved at higher frequencies, while significant discrepancies are found at 
900MHz. This is due to the fact that the wavelength at 900MHz (0.33m) becomes comparable to 
the window dimension (0.8m). Results for a larger window (2 x 2m) at the same frequency are 
also shown in the same figure, represented by lines with diamond markers. A good agreement is 
obtained. This further validates both approaches providing the window size is much greater than 
the wavelengths. This conclusion is also supported by a study conducted in [111].
The difference between the above results from the FK and UTD-infinitesimal model is possibly 
due to the approximate boundary conditions in FK, which assumes a perfect absorber around the 
aperture; whereas this is not satisfied in the setup.
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I
I 900MHz w indow  ilz *  2x2(m)
P o in ts  along  pa th  2 (m)
Figure 4.5 Comparison of UTD-infinitesimal (dash lines) and Fresnel-Kirchhoff (solid lines) results 
for field along the test path 2 at 0.9GHz, 1.8GHz, 2.4GHz and 3GHz, respectively. Window size: 0.8 x 
0.8 (m). Comparison for a larger window (2 x 2m) at 0.9GHz is represented by dash (UTD- 
infinitesimal) and solid (FK) lines with diamond markers
I
I
Po in ts  a long  pa th  2 (m |
Figure 4.6 Comparison of the diffracted field from window horizontal, vertical and all four edges at
900MHz for window size: 2 x 2  (m)
The diffracted field due to the horizontal and vertical edges around the window aperture is 
presented in Figure 4.6. This shows that the resultant diffracted field is due to the interaction of 
both the vertical and horizontal fields. Depending on the field positions, either vertical or 
horizontal diffraction could be dominant.
Figure 4.7 shows the field received along path 2 from the UTD-infinitesimal, FK and free space 
path loss models, at 900MHz and 1800MHz, respectively. It can be seen that the received field
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does not change linearly with distance. An oscillating behaviour of attenuation is observed. A 
possible explanation for these observations can be given by utilising Fresnel zone theory.
F r t f
Point* a long  pa th  2 (m)
Figure 4.7 Comparisons of UTD-infinitesimal, FK and free space loss for the field received along path 
2 at 900MHz and 1800MHz, respectively. Window size: 2 x 2  (m)
Fresnel zones are formed by a number of concentric ellipsoids around the direct path. The Fresnel 
zone can be thought of as containing the propagated energy in the wave. The n**’ Fresnel zone is 
the region inside an ellipsoid defined by the locus of points where the distance is larger than the 
direct path between the Tx and Rx by n half-wavelengths [7]. It varies in size depending on the 
length of the signal path and the frequency of the signal. The cross section of the first Fresnel 
zone is circular. Subsequent Fresnel zones are annular in cross section, and concentric with the 
first. Successive Fresnel zones have the effect of alternately providing constructive and 
destructive interference to the received signal. The radius of the first Fresnel zone is given 
approximately by [7]
By analogy, the Mth zone radius is determined by
R„ =^nX{d^d^)l{d^ +d^)
(4.13)
(4.14)
As shown in Figure 4.8, with the increasing separation of d\, the radii of the Fresnel zones become 
larger. The window aperture size is 2 x 2m, approximately equal to a circle with radius Im. For 
900MHz, d\ is around 2m, both the 1*‘ and 2"  ^ Fresnel zones are within the aperture and they 
interfere with each other destructively, so there is a drop in the field, while at around 7m, the 1®* 
Fresnel zone is almost the same size as the window aperture, so the field reaches its maximum 
value. For 1800MHz, at around 2m, the first 4 Fresnel zones are within the aperture, so a similar
66
Chapter 4. Radio Propagation within and between Buildings
drop in the field appears. At around 3.5m, only the first 3 Fresnel zones are within the aperture, so 
the field increases again.
900MHI 2nd
Po in ts a long  patti 2 (m)
Figure 4.8 Radius of Fresnel zones vs. the distance of dl for 900MHz and 1800MHz. Window size: 2 x
2 (m)
Figure 4.9 reveals the variation of the received field with respect to the operating frequency at a 
specific receiver position {d\ = 5m). A similar oscillating phenomenon is observed, which can 
also be explained by the Fresnel zone obstruction. For the setup described above, the radii of the 
Fresnel zones are shown in Figure 4.9, respectively. The fluctuation of the field around 1.4GHz 
and 2.1GHz is caused by the constructive and destructive interference of the second and third 
Fresnel zones.
S.-M
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Figure 4.9 Received field (a) and radius of Fresnel zones (b) vs. the frequency. Window size: 2 x 2  (m)
4.2 Environment Impact on Radio Propagation Prediction
4.2.1 Background
The explosive growth of wireless communications and the advent of third and fourth generation 
mobile systems impose the need for very high traffic density in urban areas. To cope with the 
traffic requirements, cells of reduced size are used, with radii smaller than 100m. Additionally, 
WLAN systems serve similar size areas. Both cases demand detailed radio coverage planning, for 
which traditional empirical models are inadequate. Thus deterministic propagation models have 
received increased interest.
The need for more accurate models is further augmented by the development of high-speed 
wireless local area networks, which have experienced explosive growth and are becoming 
common in modern office buildings. In many cases several WLANs can be installed in close 
proximity to each other. An important part of indoor WLAN planning is to achieve the full indoor 
radio coverage while at the same time avoiding or minimizing interference.
For instance, IEEE802.1 lb can experience interference from 2.4GHz cordless phones, microwave 
ovens, Bluetooth devices and neighbouring WLANs, which are utilising similar radio frequencies. 
IEEE802.1 lb  networks use carrier-sense multiple access with collision avoidance (CSMA/CA) to 
access the channel. The presence of strong interference can lead to packet loss and degradation of 
system performance, reducing the effective throughput [1 1 2 ].
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Interference and coverage are highly dependent on the geometry of the environment involved. 
The work presented in this section investigates the variation in the geometry of the scenario and 
the constitutive parameters of the materials, for the case of interest and how this can influence 
planning decisions, based on signal strength prediction. A full 3D ray-tracing propagation model 
is implemented by the authors to perform the signal prediction in a multi-floor building.
4.2.2 Modelling Description
4.2.2.1 WLAN
IEEE802.1 lb is the extension of the original IEEE802.11 WLAN, operating at four different data 
rates between 1-11 Mb/s in the 2.4GHz band and adopting direct sequence spread spectrum 
(DSSS) technology. IEEE802.il standard divides the available bandwidth from 2.4GHz to 
2.4835GHz into 14 channels, separated by only 5MHz between adjacent channel centre 
frequencies. Although there are 11 and 13 channels identified for DSSS system in the US and 
Europe respectively, there is a lot of overlap because DSSS spreads the signal over a bandwidth of 
about 22 MHz. When multiple access points (APs) are operating in close proximity, it is 
recommended to use a frequency separation of at least 25MHz to avoid the inter-channel 
interference [112]. Therefore, only three non-overlapping channels are available in a total 
bandwidth of 83.5MHz in the 2.4GHz Industrial, Scientific and Medical (ISM) band. This means 
in order to achieve optimum performance, only 3 channels should be used during deployment. RF 
interference should be minimized. However, it is not always controllable. In complex geometries, 
radio signals can propagate in all directions even when directional antennas are used. Co-channel 
interference can be an issue in certain system deployments.
4.2.2.2 Case Study
= 3  CHI.C&I y— I .y——
. s- : . • o'"..;;g g / g
r — : C H
I
User
Interférer
Original building Neighboring building
Figure 4.10 Scenario of a case study
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Many WLAN systems are deployed in multi-floor buildings. Depending on the floor number and 
the geometry involved, interference could arise either through the floor of the same building or 
due to the neighbouring buildings. It is possible that an AP will be deployed at positions where it 
could be a potential interference source to other co-channel APs. This could be an AP positioned 
next to an external wall in order to cover an external area like a large car park or the surrounding 
premises of a building. The case of interest refers to a setup, where the user and the interférer are 
both situated inside the same building, close to the external wall, as shown in Figure 4.10. In this 
case one needs to investigate the effect of nearby buildings. This can also be extended to a setup 
where the interférer is situated in the neighbouring building.
4.2.3 Simulated Environment
100 0
25
15
10
25
TX2 R>
u 10 2D 3Ü 4Ô 5Ô 6Ô 7Ô 80 90 100
Higher floors
TX1 •
Ground floor 100x25x3(m)100
Figure 4.11 Layout of the simulated multi-floor office building (only the ground floor is shown)
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The simulated environment is shown in Figure 4.11. The original building dimensions are 
100x25x30m with a corridor (100x5x3m) in the middle o f the building and 10 rooms (10xl0x3m) 
at each side of the corridor. The building is modelled with 10 floors with each floor being 3 m 
high. This environment was selected because it provides a LOS (corridor) and a NLOS (rooms) 
setup at the same time in terms o f the wanted transmitter Tx2.
4.2.3.1 Ray-tracing Propagation Model
A full 3D ray-tracing model based on image method has been developed due to its accuracy and 
simplicity and used to calculate the local average power level o f the desired signal from Tx2 
located at the centre o f the floor of interest and the interference signal from Txl on the ground 
floor. This is shown in Figure 4.11. Note that, here, the influence o f floors and ceilings makes a 
3D model essential, because the radio wave propagation simulation aims to predict the field 
strength on more than one floor. A 3D model is indispensable when accounting for the influence 
o f floors and ceilings. The fact that the objective was to simulate a geometrically simple scene did 
not raise the need for introducing any ray-tracing acceleration techniques.
The walls, floors and ceilings are assumed to be homogeneous flat surfaces. At each reflection, 
transmission and diffraction point, a ray-fixed coordinate system is used to incorporate the field 
polarisation and simplify the computations of reflection, transmission coefficients in 3D space 
[58], as described in Chapter 2. The single layer model introduced in Chapter 2 calculates the 
reflection and transmission coefficients. Diffraction coefficients are calculated by the dielectric 
UTD formula in Chapter 3. Many paths contribute to the local mean signal strength received at a 
given receiver. The received power of ray path can be expressed as [61; 113]
{ATtdf
Vff Nj)
f=i y=i k=\
(4.15)
In this expression P, is the transmitter power, while G, and Gr are respectively the antenna gains of 
the transmitter and receiver. The unfolded total path length is d  (m). In the above formulation 
each ray path m consists of Nr reflections, Nr transmissions and Nn diffractions, i?;, Tj and Dk are 
the corresponding reflection, transmission and diffraction coefficients. The factor Ak accounts for 
the spreading factor related with diffraction given the 1/ûP dependence. X is the wavelength (m). 
The local mean signal strength is given by the power sum method [92], as explained in Section 
3.1.3
4  (4.16)
For the current implementation all transmitting antennas are modelled as azimuthally omni­
directional dipoles with radiation patterns and polarisation given by [47]
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E q sin( 0 )e  j r  ê  , where 6 is the elevation angle, Eq is given in (3.4a).
All the receiving antennas are considered isotropic. Nonetheless any pattern can be used without 
affecting the algorithm performance.
4.2.4 Investigating Radio Propagation between Floors and Buildings
The three most likely ray paths between different floors of a building are [114] (Figure 4.12):
■ Transmission through floors, ceilings or internal walls.
■ Paths that include multiple diffractions at the window frames.
■ Paths that involve reflections from interfaces outside the building.
reflected
direci diffracteddifR acted
Figure 4.12 Ray-paths related with propagation between floors
The developed ray-tracing model is utilized in order to assess the significance of the above 
mechanisms. The key parameters used for this simulation were the following: frequency was set 
to 2.4 GHz, transmitted power to 20dBm, antenna gain to OdBi, transmitter height to 2.7m and 
receiver height to 1.5m. Building materials included glass, brick and concrete segments. The 
constitutive parameters were set as in the Table 4.1 :
Material Sr a (S/m) tanô
Brick (B l)[39] 4.26 0.0197
Concrete (C l) [39] 5.10 0.146
Glass (G l)[96] 4.05 1 0 . 6  X 1 0 "^
Table 4.1 Constitutive parameters of the glass, brick and concrete used in the simulation
The thickness of the internal walls was set to 0.15m and that of the external walls to 0.30m. The 
transmitter Txl was placed close to the corridor window on the ground floor as shown in Figure 
4.11.
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4.2.4.1 Transmission through Floors
When the transmitter and receiver are situated on different floors, the direct ray between them 
penetrates the in-between floors. Modern buildings are usually constructed with concrete, leading 
to a significant transmission loss. The floor materials used here for studying the transmission 
effects are aerated concrete and concrete. The constitutive parameters used for aerated concrete 
(C2) were: Sr = 2.5 and tanô = 0.10 [40]. The floor’s thickness was set to 0.30m in both cases. 
Notice that in the case where concrete has a higher conductivity (a = 0.146 S/m), the signal power 
takes lower values, as shown in Figure 4.13. Under the above assumptions transmitted through- 
reflected rays do not contribute significantly to the received signal on higher floors.
—B— Concrat* with (ran t, and 1 raf.
—s — Concrata with only trana.
— >—  Aerated concrete with trana. and 1 raf.
— Aerated concrete with only trana.
-  A -  Rx I* 5m away from the arindow
-  ▼ -  Rx la 1m away from the window
-  »  -  Rx la 1m away from the window Tx: h«1.5ir
---
Number of floora
Figure 4.13 Transmission (solid lines) and diffraction (dash lines) between different floors
4.2 4.2 Diffraction outside the Building
In addition to the direct ray between different floors, the ray can leave the building from the 
window frame then diffract along the building face, and diffract back into the other floors through 
the window. In this scenario, the window at the end of the corridor is 1.8m high from Im to 2.8 m 
on each floor and 3m wide. In Figure 4.13, the signal power is computed by double diffractions 
with reflection before and after the diffraction at the horizontal frames of the windows. 
Transmission loss through the windows is also considered. Compared with the transmission 
through floor case, the signal strength arising from diffraction experiences a slow decrease with 
an increasing number of floors between the transmitter and receiver [38]. Also, the signal strength 
is sensitive to the distance between the receiver and the window [114]. A four meter difference 
causes more than 30dB loss in Figure 4.13. The relative height of the transmitter to the window
73
Chapter 4. Radio Propagation within and between Buildings
also determines the diffraction loss. Figure 4.13 shows the variation of the signal power when the 
height o f the transmitter changes.
4.2.4.3 Reflection from Nearby Buildings
As shown in Figure 4.13, both diffracted and transmitted signals do not carry significant power to 
higher floors provided the floor separation is greater than 2. However, in the presence of a nearby 
building, strong interfering signals can reach higher floors via reflections. For the scenario of 
interest, the nearby building is situated right to the external wall of the building of interest as 
shown in Figure 4.14. The following rays are incorporated into the algorithm:
Rx
Nearby
building
Tx
■>IT
Figure 4.14 Reflection from a nearby building
■ Transmission through external wall/window —» reflections up to 3 (including the ground 
reflection) transmission /diffraction back.
■ Diffraction from the window edge —> reflections up to 3 —> transmission/diffraction back.
In this setup, simulations suggest that higher order reflections (>3) do not contribute significantly 
to the final received power. To see how exactly the geometry and the variations o f the constitutive 
parameters influence the received signal, 3 different scenarios are examined, with the user always 
located in the room nearest to the corridor window.
Scenario 1 : Variation of the distance d  between buildings
The minimum distance d  examined here is 10m in Figure 4.14. It is observed in Figure 4.15 that 
when the two buildings are close to each other (<=1 0 m), only the adjacent floors receive stronger 
signals. Floors above the 2"*^  floor, receive much less signal power. This is because the radio 
signal has to propagate tlii'ough multiple walls/floors or experiences more loss due to multiple 
reflections, so the received power is significantly reduced at higher floors. However, with 
increasing distance, signal power received on the 3"'* floor increases abruptly then begins to 
fluctuate. The variation of signal power on each floor is not monotonie but follows a max-min 
pattern with the distance between the two buildings. The same phenomenon could happen to
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upper floors, but this depends on the distance between the two buildings. As the distance 
increases, higher floors receive stronger signals in the predefined scenario. The dotted line in 
Figure 4.15 depicts the variation of the received signal power of the single reflection from the 
nearby building on the 3"^ , 6 * and 9* floor. It shows that the abrupt increase of signal power at a 
certain distance is due to a single reflection becoming the dominant mechanism. With the distance 
increasing again, the loss is mainly caused by the free space and single reflection from the nearby 
building, so the signal power varies slowly. It is worth noting that power contributions from 
multiple reflections, diffracted-reflections and reflections from the ground are also important 
before single reflection becomes dominant, although these mechanisms have greater loss. When 
the two buildings are 42m away from each other, the difference among the signal powers received 
from the to the 9* floor is less significant. This is because a single reflection becomes 
dominant for all floors.
-6 0
-7 0
-6 0
S  -9 0
« -1 0 0
3 s
-1 1 0 6s
-1 2 0 Rx:(99,5,1loor*numberx34-1.5) 
B+G1+B
-1 3 0 15 30 35
D istance  be tw een  th e  tw o bulldlngs(m )
25 40 50 55 60
Figure 4.15 Signal power variation on each floor with the distance d between the two buildings. The 
involved materials parameters are B, Gl and B
Scenario 2: Variation of the constitutive parameters
In the present work, the choice of the constitutive parameters of the materials is based on reports 
found in the literature. The materials involved in the building of interest are symbolized with ml 
(external wall) and g  (window glass) and the material related to the reflection onto the nearby 
building with m2 . In order to assess the variation of received power with respect to the 
constitutive parameters, let us suppose ml is concrete (C), g  is glass (G), and m2 could be glass or 
concrete. The received power with the number of floors for various material combinations is 
depicted in Figure 4.16. As shown in Figure 4.16, the variation in the received power reflected 
from a nearby glass building can be up to 30 dB, while for a nearby concrete building it can be up
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to 40dB. This is due to the different values that the constitutive parameters used for ‘concrete’ and 
‘glass’ can take. The following parameters are quoted from the literature for computation: C3: e =
5.0 + y0.12 [39]; C4: e = 6.0 + y0.12 [40]; C5: e = 6.0 + yO.60 [115]. The latter value is 
interpolated after examining values of concrete at lower and higher frequencies than the frequency 
of interest. C l, C2 and Gl take the same values as before and 02: Sr = 8.10 and tanô = 40x10^“* 
[96]. In the case of multiple interactions, the possible combinations o f the different materials can 
produce different prediction results. Therefore, accurate information on the material composition 
would be necessary in order for the prediction process to be viable and accurate.
-so
— m2 Is c o n c re te  
-  m 2 Is g la s s
C3+G1+G2 
-e -C 5+ G 1+ G 1 
—I— C1+G1+G1
-  0  -  C5+G2+C2
-  A -  C3+G1+C4 
- ★  -C1+G2+C2
-SO
-7 0
m1 g m 2•g -80 "  -û- - .
-110 -  -  -0-
-120
Rx(99,5.0,floo r num berx3+1.5)
N um ber of floo rs
Figure 4.16 Signal power variation with number of floors for different combinations of materials.
Distance between the two buildings is 15m
Scenario 3: Window effect
Whether the user is close to the window or not is another important factor that determines the 
received power. In order to investigate the window influence, similar windows as the end corridor 
windows were added on the external wall. Figure 4.17 shows that the signal strength behind a 
window is attenuated by about 7dB less than behind an external wall, compared with Figure 4.15.
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-5 0
R)C(99,5.0,floor num berxO+I.S)
B+G1+B Exactly  th e  s a m e  w indow s a s  th e  co rrlder 
a re  a d d e d  to  th e  ex te rna l wall w hich  is  fac in g  to  
th e  nearby  building
1st floo r
-6 0
-6 5  -
■ -7 5
-8 0
-8 5
-8 0
D istance  be tw een  th e  tw o bulldlngs(m )
Figure 4.17 Signal power variation on each floor with distance when the user is close to a window. 
The involved materials parameters are B, Gl and B
4.2.5 Result Observation
The aim of this simulation is to observe what happens when the interférer and wanted user are 
close to the external wall. As shown in Figure 4.11, receiver points (Rx) are taken to lie along a 
15m path being Im away from the external wall on the same floor as Tx2. The interference 
consists of contributions from all the mechanisms analysed in the last section. The desired signal 
takes into account transmission, single and double reflections and their multiple interactions 
inside the building and also the reflection from the nearby building. Using the building model 
presented and combining the extreme case analysed above. Figure 4.18 shows the desired signal 
versus interference on the 4* floor.
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W anted tran sm itte rT x 2  
(50,12.5,13.5) 4th floor 
In terférer: T xl 
(99,12.5,2.7) G round floor
*^NLOS po in te  Room
A dded w indow
 D etired  elgnel
 In terference
LOS poin te  
C orridor
C orridor w indow
Figure 4.18 Desired signal versus interference on the 4th floor where the involved materials 
parameters are B, Gl and G2, distance between the buildings is 18m and windows are added as
scenario 3
W anted tran sm itte rT x 2  
(40,12.5,13.5) 4th floor 
Interférer: Txl 
(99,12.5,2.7) G round floor
NLOS p o in ts  Room
A dded w indow
 D esired s ig n s  -
 Interference
LOS po in ts
Corridor w indow
Figure 4.19 Desired signal versus interference on the 4th floor. It is similar to Figure 4.18 except that 
the wanted transmitter is moved backward 10m
It can be seen from Figure 4.18 that at the LOS points of Tx2 (from 10 to 15), the desired signal 
power is significantly stronger than the interfering signal. However, at the NLOS points (from 0 
to 10) especially those close to the window (from 3.5 to 6.5), the interfering signal is comparable 
to or even stronger than the desired signal. In this scenario, the desired signal is strong at the 
NLOS points since it penetrates only 4 internal walls to reach the furthest users. Figure 4.19 
shows the case when the desired signal penetrates 5 internal walls (Tx2 is moved 10m backward). 
It can be observed that the desired signal power at the NLOS points is less than the interference
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compared with Figure 4.18. In both cases, the wanted transmitter can cover the floor well (the 
minimum received power > -70dBm) but the former deployment reduces the coverage range. It 
can be inferred that in larger multi-floor buildings with similar deployment, co-channel 
interference will exist at some NLOS points.
4.3 Summary
Some factors affecting radio propagation characteristics have been highlighted throughout the 
simulation process developed by the authors in this chapter. Two interesting issues have been 
addressed: 1 ) propagation through building windows and 2 ) propagation in a multi-floor building.
Window structures are common for building interfaces. An investigation of radio wave 
propagation through windows has been presented in Section 4.1. Different modelling methods 
have been examined. Despite the approximations, GTD/UTD based and FK methods can 
satisfactorily model the window diffraction pattern. A good agreement between the results is 
found within the limits of validity of both methods. However, if  high accuracy is desired, a full 
wave numerical method is recommended. The field diffracted through a window is not linear with 
frequency or distance, which can be explained using Fresnel zone theory.
Furthermore, a 3D ray-tracing model has been developed to study the impact of environment 
variations on its prediction in a multi-floor building in Section 4.2. The model takes into account 
transmission, reflection and diffraction inside and outside the building. It has investigated how 
interference can arise in ceifain scenarios in a multi-floor building environment through the 
utilization o f a 3D ray-tracing algorithm. This work has tried to predict any possible co-channel 
interfering signals and investigated the variability of received signals due to the variation of 
geometrical-environment factors. The following conclusions were drawn:
■ Floor number and geometry influence the interfering signal. In multi-floor buildings, for 
the case where both the user and the interférer are close to the external wall, the 
transmitted and diffracted signals do not contribute significantly, provided the interférer 
and the wanted user are separated by more than 2 floors. In the presence of nearby 
buildings, reflected signals could carry enough power to higher floors but this is highly 
dependent on the distance, constitutive parameters o f the materials involved and relative 
locations of transmitter and receiver.
■ Deterministic models like ray-tracing tend to use the reported constitutive parameters 
from the literature. However, due to the variety of different chemical compositions of 
different materials, quoting the data reported from the literature could give rise to 
significant prediction errors.
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■ Co-channel interference is more likely to occur on the NLOS users at the periphery of 
coverage since the desired signal experiences greater path loss.
It becomes clear during the work presented in this chapter that the detailed knowledge of the 
building structures (windows and walls etc.) and the scene’s geometry are indispensable in site- 
specific studies. In the implemented ray-tracing algorithm, when a ray is incident onto a building 
interface, only specular reflected and transmitted rays are considered. Effectively, building 
interface will greatly affect the propagation of radio waves. It is important to understand 
transmission and reflection characteristics of building interfaces, which will actually determine 
the field reflected and transmitted through the building interfaces. The following chapters will 
elaborate on different building interfaces, namely wall structures.
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Chapter 5
5 Propagation through Periodic Wall 
Structures: 3D-MTL
5.1 Introduction
As deterministic models require detailed information, it becomes increasingly important to 
understand the electromagnetic properties of building walls in terms o f transmission and 
reflection characteristics. For this reason, accurate modelling of the transmission losses and in 
some case the reflection characteristics is needed; thus characterisation of wall structures is 
receiving more attention. Radio propagation modelers have to consider the reflection and 
transmission properties o f commonly used building materials at different radio frequencies.
Homogeneous wall sti'uctures are usually represented by half-space materials [17] or slab and 
layered models [51], as presented in Chapter 2, with the reflection and transmission characteristics 
calculated by Fresnel coefficients, which are good approximations for homogeneous wall 
structures where a substantial specular component dominates. However, when the wall structure 
has periodic variations, such walls can generate reflected and transmitted waves that propagate in 
non-specular directions [3]. It is found that in [3], only specular reflection and transmission occur 
at 900MHz, although the inner periodic structure influences the reflection and transmission 
coefficients. At higher frequencies above 1.2GHz, non-specular reflection and transmission occur 
and carry the dominant power, instead o f specular reflection and transmission. Therefore more 
accurate models are needed to take into account the effect of periodic wall structures on radio 
wave propagation, where possible dominance o f non-specular reflection and transmission have to 
be considered.
In modern buildings, two types of periodic wall are commonly employed, namely concrete block 
walls [3], created by the interior webs and void design of the individual blocks inside the wall, 
and reinforced concrete walls, made up of a steel bar/grid embedded in a slab of concrete [116]. 
Hon-homogeneous periodic wall structures have been studied by analytical and numerical 
methods in [3;116-121]. All wall structures studied, i.e. concrete block and reinforced concrete 
wall can be modelled as a multi-layer periodic structure. Honcharenko and Bertoni [3] 
investigated the reflection and transmission characteristics of concrete block walls typically used
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in reality, with a TE polarised plane wave by using the modal approach, for the two-dimensional 
incidence case. In [119], propagation into the reinforced concrete wall was analyzed with the 
fmite-element method (FEM). A similar structure was investigated in [116] using a fmite- 
difference time-domain (FDTD) solution of Maxwell’s equations. Both of them make the analysis 
complicated and time-consuming. The effective materials properties model was presented in [117] 
to characterize complex walls with periodic structures, but is only valid where the wavelength is 
larger or similar to the periodicity of the structure. Savov et al. [118; 120; 121] proposed the 2D 
modal transmission-line (2D-MTL) method to analyze both reinforced concrete and concrete 
block walls. These papers show that MTL is a simple, accurate and computationally efficient 
method to study the transmission and reflection characteristics of a periodic wall structure. 
However, only the TE polarised incident plane wave has been investigated in 2D incidence.
The work presented in this chapter could be considered as an extension of the work of Savov et al. 
[118; 120; 121] to the more general case of 3D plane wave incidence. This chapter will start with 
the analysis for both TE and TM polarisation in 2D incidence. Then a coordinate transformation is 
introduced in order to combine the results of the TE and TM mode respectively for 3D incidence. 
For the first time, the 2D-MTL is combined with the coordinate transformation to generate the 3D 
solution, which is used to model radio wave propagation through periodic building structures, 
under 3D incidence case. Results of the 3D-MTL are compared with those obtained by other 
researchers to validate the approach. This chapter concludes with a brief summary.
5.2 MTL Method
5.2.1 General Description of the Model
Incident  ^vave
The plane of incidence
Region I
h
Regien IIh
h
Region III
Figure 5.1 Geometry of 3D oblique incidence onto the periodic three-layer structure
For generality and simplicity, a three-layer periodic building structure, representing a periodical 
concrete block, is depicted in Figure 5.1. This Figure presents a periodic layer, placed in between 
two homogeneous layers with permittivity S\ and £3 respectively, which consists of two
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alternating homogeneous rectangular bars having permittivity £21 and £2 2 and widths d\ and c/2, 
thus exhibiting s  {x) = s  {x d) along the x  axis with periodicity d=  d\ + dz. The thickness of the 
fth layer is hi where I is the index of the layer. The number of layers in the structure is L (in Figure 
5.1, L = 3) and Hi is the cumulative thickness o f the structure to the Ah layer H i= Y , hi. The 
problem space consists of three regions: the incident region I (z < 0, / = 0), the multilayer 
structure region II (0 ^  z < H{) and the exit region III (z > iTz,, / = Z -f 1). In this example, Region I 
and III are free space.
A linearly polarised time-harmonic plane electromagnetic wave with unit amplitude is obliquely 
incident on the structure at an arbitrary angle o f incidence 6 relative to the z  axis and at an 
azimuth angle ^ formed by the plane of incidence and the x  axis, ij/ is the angle between the 
electric-field vector and the plane o f incidence. In the case of 2D incidence, ^  = O'* and 90° 
denotes TM and TE polarisation, respectively. This model can be used for any linear polarisation 
(another value of y/). A time dependence o f Qxp{-jcot) is assumed and omitted in this discussion.
The incident electric field in Region I is given by
Einc = u ex p [ -j '(k J  + kyp  + k j ) ]  (5.1a)
where û is the electric-field vector o f the incident wave given by [1 2 2 ]
Û = (cos y/ cos 6 cos -  sin ^  sin ^ ')x + (cos y/ cos 0 sin ^  + sin y/ cos <f)y -  (cos y/ sin &)z (5.1b)
kxy ky and h  are the three components of the propagation vector of the incident wave. In the 
rectangular coordinate system as shown in Figure 5.1, they are related to the incident angles by
/tj: = A:sin^cos{^ (5.1c)
ky = k  sin 6 s\nij> (5.Id)
kz = kcos0  (5. le)
where k  is the wavenumber in Region I (free space).
In a layer with a periodic dielectric constant, the electromagnetic fields generally are represented 
as the superposition of characteristic solutions, known as Floquet Mode functions, each consistint 
of an infinite number space harmonics (see Table 5.1).
The propagation constant in the x direction o f the »th space harmonic is related readily to that of 
the incident plane wave by
kx„ = kx+2n7T/d, « = 0 ,± 1 ,± 2 ,± 3 ,... (5.2)
where kx is the x component o f the propagation vector o f the fundamental harmonic and is equal 
to that of the incident plane wave, as determined by (5.1c), and d  is the period o f the periodic
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layer. In each uniform layer, kx„ and ky for every space harmonic must be the same as those in the 
periodic layer.
The 2D incidence study in [3;118;120;121] is a limited case of the 3D incidence as shown in 
Figure 5.1 (with ^ = 0° and ky = 0). In the case of 2D incidence, the plane wave propagation onto 
the multilayer periodic structure becomes a 2D problem, where TE and TM components of the 
incident plane wave are decoupled and treated independently; however, at 3D incidence (^ *^^ 0°), 
the scattering problem is 3D and requires simultaneous presence of both TE and TM components. 
The TE and TM mode functions determined in the 2D incidence can be combined to form the 3D 
incidence, by using a coordinate transformation [123]. This method provides a unified approach 
that treats TE and TM modes on an equal footing, so that the formulation of the 3D boundary- 
value problem can be simplified greatly and the effect of polarisation couplings can properly and 
easily be taken into account.
Region I
Region II
I  ^ Region III
Figure 5.2 Geometry of 2D oblique incidence onto the periodic three-layer structure
5.2.2 TE and TM modes in 2D Incidence
With a local z/ coordinate (0 < z/ < hi) {ho = 0) and a global x  coordinate, the tangential 
components of the electromagnetic fields in each Ah layer can be expressed as [124]
^/ = S  {fi,m exp(/A:,^Z/) + „ exp[/l,^{h, -  z ,)]}x Ç a, „^  exp(/A:^„x) (5.3a)
= Y .y iÀ fi,m  exp(f^/,^Z/)-& .«, exp[/\^(A/ -2r,)])x exp(i^^%) (5.3b)
m n
where each wth term in the above summations refers to the field of an individual mode that, by 
definition is a solution of Maxwell’s equations in the Ah region, fim are the amplitudes of the 
incident waves at z/ = 0 and gi„, are the amplitudes of the reflected waves at z/ = hi. In region I (/ = 
^),fo.m^ (Kronecker delta function, m = n; S,„„ = 0, m ^n ), go,m= Rm, which are the
modal reflection coefficients. While in region 111 (I = L + 1), gz,+y,m = = T„, which are the
modal transmission coefficients.
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^  (TE)
W . / t , ( T M ) (5.4)
is the admittance of each layer and //« is the average of l/f/(x) inside the Ah layer. Analytical 
techniques for obtaining the characteristic quantities and are available in [125],
hence results are only outlined as follows.
1) For a homogeneous layer with a relative permittivity £/, ki,„ is given by
h,„= (sik^ - k x S '^
yia 1/Si and b^ nm dfjtn
(5.5)
2) For a periodic layer with a periodic relative permittivity £)(x), more complicated relations hold 
for ki„„ as well as for and To determine these quantities, by interchanging the 
summations m and n in (5.3) and rewriting the fields in the form of matrix, we have
E, = Qxp{iK^x) X A( (exp(zA:/Z, )_/} + exp[z%; (A, -  z, )]g,} (5,6a)
Hi = exp(iX^x) X 5/7, (exp(i^/Z, ) / ,  -  exp[z%/ (A, -  z, )]g, } (5.6b)
El and Hi are, respectively, column vectors of the transverse electric and magnetic fields in the Ah 
layer with the element nth space harmonic of the fields, y? and g/are vertical vectors with elements 
and g/,,„. Kx and Ki are diagonal matrices with elements kx„ and respectively. 7/ is the 
diagonal matrix with elements y/,,„. Ai and 5 /are eigenvector matrices with elements a,,„,„and A/,,„„ 
respectively, and ki„, is the positive square root of the eigenvalues of the matrix Pi, which is given 
for TE and TM modes respectively [125]. The three components of the electromagnetic fields are 
shown in Table 5.1 for TE and TM mode.
TE Mode TM Mode
A,ym = -exp(/A/„,z)5] £?/„,„ exp(îA^x) i^Kym = yi,m GXp(z^,,,»z)^A/,»,« exp(%„x)
exp(f^/„z)]^A/_^ exp(%„x)
n \x m  = exp(zA,_,„z)2] exp(/A^„x)n
= Gxp(zA/„,z) ^a/_„„,expOA^„x)
n ^n-m expOA,_„,z) 7/.«$]4,«*,exp(zA^x)^ ^ 0  „
Table 5.1 Field components for TE and TM mode solution
For TE (Ei^ x ~ Exz=Hi^y = 0, Eiy, /A.x-and /A,g three components exist)
Rl,nm ~ ^0 ^ l,n-m ~ R~x
Rl,nmA -  ’ A  ~
For TM {Ely = Hix= Hiz = 0, Hiy, Eix^^à E ^  three components exist)
(5.7)
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Pl,nm = rî!n-m  (^ 0^  “
Pl,nmPl A  = A  (5 8 )
where /  is an identity matrix, £/,„is the nth Fourier coefficient of £/(x)
(x) = ^  £i „ Qxp{j2mx / d) (5.9a)
1 (*//2£,,,=  — \ £j (x) exp(-y2m x / d)dx  (5.9b)d
and is the «th Fourier coefficient of inverse permittivity f/'^(x) [125]
6:/"\x) = exp(y’2;OTx/</) (5.10a)
7i,n = ^  (^)6xp(-;2w zx/ d)dx (5.1 Ob)
Yia = Yto = l/s/,0 - In the rectangular profile shown in Figure 5.2, the coefficients o f the relative 
permittivity Fourier series are
^ / , 0  “ (^2 1 ^ 1  +£’2 2 ^ 2 ) /^
i^,n = ( ^ 2 1  - ^ 2 2 ) sin(w7(///(/)/zM {n^O )
Note if the layer is homogeneous, matrices Ai and 5/ reduce to I, which is consistent with the 
analysis for the homogeneous layer.
The diagonal matrices Ki (with elements A/,,„) and 7/ (with elements >»/,„,) correspond to the 
equivalent transmission-line representation of the problem, as shown in Figure 5.3. This enables 
us to represent the general electromagnetic problem in terms of an equivalent electrical network in 
which each layer is described by a transmission-line unit. The extension of conventional 
transmission-line theory (in scalar form) to the generalized theory (in matrix form) has already 
been reported in [124].
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Figure 5.3 Equivalent MTL model
In the field formulation given by (5.6), Kt, Yi, Ai and 5/ are either already available or can be 
separately derived. Hence only fi and g/ are left as unknown quantities needed to complete the 
field solution. For the incident field in Figure 5 .2 ,/  represents vertical vectors with elements fim.
7 o,o = 1 as no other plane waves are incoming from region I. All the other values offi and gi can be 
obtained by satisfying the appropriate boundary conditions for E/ and ///a t z = hi, as described in 
[121;124] for the 2D incidence case.
5.2.3 Transformation Matrix for 3D Incidence
At oblique incidence {ky^ 0), the electromagnetic fields in a periodic multilayer structure can be 
expressed as a superposition of the orthogonally TE and TM polarised fields in its 
eigencoordinate system [123]. A transformaion matrix is introduced for a homogeneous or 
periodic layer from its eigencoordinate system to the xyz structure coordinate system.
5.2.3.1 Homogeneous Layer
The transformation matrix is defined as [126]
- K ,A = (5.11)
where Kx„, Ky are diagonal matrices with elements kx„/k,„ and kyÂ,„ respectively, in which
k j  + kA (5.12)
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Combining (5,11) and (5,6), in a homogeneous layer {At = B/ = I), the tiansverse fields can be 
written in the form of a matrix as (exp (iK^x) is omitted for simplicity)
E i(z,) = A{Qxp(iK,^Zi)f, + Qxp[iKi,(hi -  z,)]g/} 
H iiz ,)  = AYi{Qxp(iKi^^z,)f, - Qxp[iK,^(hi - Zy)]g,}
(5,13a)
(5,13b)
where /  is the incident column matrix with two sub-matrices: / /  and / " ,  which are respectively 
composed of the amplitudes o f the incident TE and TM modes at z/= 0,fo = -sin(y^^,o a n d = 
cos(i//)cos(0)Sno- gi is the reflected column matrix with two sub-matrices: g / and g/' , which are 
respectively composed of the amplitudes o f the reflected TE and TM modes at z/= hi. Note in this 
work, superscript ' or " denotes TE or TM mode respectively, Ei (z/) and Hi (z/) are column 
matrices given by
(^/ ) - , Hi (z/ ) - ^l,x  (^/ ) (5.14)
Eiy(zi), Eix(zi), Hixizi) and Hiyizi) are column vectors with amplitudes of the «th space harmonics 
in the /th homogeneous layer, Ki/xs the propagation constant matrix defined by
/,Z 0
0 K l,z (5.15)
where KiJ and K i /  are diagonal matrices with the same elements which can be determined 
by
A,zn^ -  ~b^ xn ~^y
Yi is the characteristic admittance matrix
Yi' 0
0 Y,"
(5.16)
(5,17)
where Yf and Y" are diagonal matrices with elements and y i j '  respectively, which are given 
by (5,4),
5.2.3.2 Periodic Layer
In a periodic layer, by rotation of the coordinate system {xyz) along the x axis, a different 
eigencoordinate system ( x m v )  is introduced [123]
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Figure 5.4 Relative orientations of the two coordinate systems 
The corresponding transformation matrix C x m ' i s
y — (-< l( II) ^ x m Uz V
with
t( It)
- k .
1/2
(5.18)
(5.19a)
(5.19b)
ktn' and A„„" can be determined by (5.7) and (5.8) as the squai'e root o f the eigenvalues for the TE 
and TM modes, respectively. It can be recognized that (5.18) describes a coordinate rotation 
between the xyz and xuv coordinate systems about the x axis by the angle o, which is given by
u = sin ^{k !k ,)
The relative orientation of the two coordinate systems is shown in Figure 5.4. It has to be 
mentioned that ky is determined by the incident wave and remains the same for every space 
harmonic, but A, varies from one mode to another. Each mode generally has its own 
eigencoordinate (x m v )  system. Therefore it is necessary to perform such a coordinate rotation for 
each mode to determine its field components in structure coordinate {xyz) system.
After the coordinate rotation, each mode has five field components in the structure coordinate 
system as shown in Table 5.2, in contrast to the three components in its own eigencoordinate 
system. Eu, Hy and Hx and Hu, Ey and Ex are defined as in Table 5.1 for TE and TM, respectively.
Chapter 5. Propagation through Periodic Wall Structures: SD-MTL
TE Mode
H y d f H , K Hx
TM Mode tCf e , = A e ,K( Px
Table 5.2 Field components in the structure coordinate system
Through the transformation, the tangential electromagnetic fields can be obtained in the 
corresponding xyz coordinate system as
= r{exp(iA:'zy)/'+Gxp[i%'(Ay -Zy)]g'} + G"{exp(i%"zy)/"4-Gxp[i/:"(Ay -z ,)]g"}
(5.20a)
E y ^ = r'{ex p (;/:" zy )/" + ex p [/;[" (A y -Z y )]g " } (5.20b)
 ^ = P{Qxp{iK'Z y ) / '-exp[iÆ'(Ay -  Zy)]g'} (5.20c)
//y^  =-G'{exp(fA:'zy)/'-Gxp[zA:'(Ay -Z y )]g '}  +  /"{exp(iA:"Zy)/"-exp[tÆ"(Ay -Z y)]g"}(5 .20d)
where K' and K ' are diagonal matrices with h d  and kzd' as the mth diagonal elements, 
respectively. V, V",T, F , G' and G" are matrices defined by [123]
I '  — Inm F '~  Imn "ttym "
G ' = G,m 'Vy„, 'G " =  G„,„ "Vy,„ '
(5.21a)
(5.21b)
(5.21c)
where Uy„A'  ^= kz„A'Vkt„A'\ Vy„A'  ^= ky!kt„A'\ V„,„, 1,„„ and G,„„ are the matrices containing the 
harmonic amplitudes of {Eu, H  and Hy} for the TE mode, while {Ex, i/„and Ey) are used for the 
TM mode. V„,„' -  A/, I ,J  ^  G„d = HB]l{copd), where Ym is a diagonal matrix with elements 
y  id. H is  a diagonal matrix with elements kx„. Ai and 5/ are given by (5.7). V„d' = A , l,d ' = BiZn, 
G„d' = £n.,d^HBiY„J{û}£o), where Y„,is a diagonal matrix with elementsy,d*. H is  a diagonal matrix 
with elements kx„. Ai and Bj are given by (5.8).
Rewriting (5.20a)-(5.20d) in a more compact form
El {a I ) = P{cxp{iKzi )fi  + Qxp[iK{hi ~ )]^ /} (5.22a)
(zi ) = G{exp(iÆzy ) / /  -  exp[z%(Ay -  z ,)]g ,} (5.2 2 b)
r  V'where P  = G"' ■ P O' and AT = 'K ' 0  '>Q =0 r '_ -  G' /" 0 K \
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However, when it comes to the case of 2D incidence, ky = 0, the transformation matrix Cx„A'  ^
becomes a unity matrix, so every eigencoordinate system (x m v )  coincides with the structure 
coordinate system (xyz).
5.2.4 Boundary Conditions
With the transverse electric and magnetic fields known in each layer, one can employ the 
transmission-line method to solve the required boundary-value problem for the entire structure. 
Equations (5.13) and (5.22) for the /th layer can be written as
= = (5.23)
with F;, = expO'Ki^Zi) f  + exp[/A:y , (A, -  z, )]gy (5.24a)
4 / = expOXy^Z/ )/y -  exp[/Xy^ (Ay -  Zy )]gy (5.24b)
ei and Ay are defined below:
1) For a homogeneous layer
2) For a periodic layer
ei = A ,h i = AYi (5.25a)
e i= P ,h i = Q (5.25b)
Imposing the required boundary condition that the tangential components of the electromagnetic 
fields must be continuous at the interface between the /th and (/+ l)th  layer, i.e. Ey(Ay) = Æ/+y(0), 
Hi(hi) = Hi+](0). Applying the boundary condition for all layers, similar transmission-line 
formulations as those in [124] can be derived to determine the fields everywhere associated with 
any combination o f homogeneous and periodic layers. Thus, the transmitted and reflected waves 
in region III and I can be calculated.
5.2.5 Reflection and Transmission Coefficients
The power reflection coefficients and transmission coefficients for different modes can be 
defined as [122]
Pr^ = K fR 4 o ,, '/ j '» .o ')+ |^ fR 8 ( ) 'o ,,"/% ,«') (5.26a)
(5.26b)
91
____________________________Chapter 5. Propagation through Periodic Wall Structures: SD-MTL
where P! = go , R" = go", T  = /+ ; ' and T' = f+ " ,  which are column matrices and can be 
considered as the reflection coefficients of the TE and TM components of the reflected field and 
the transmission coefficients of the TE and TM components of the transmitted field, respectively.
The total power absorption coefficient is by definition
P a = l - Z Y n - ' Z P , n  (5-27)
which is zero in the case of lossless structures, i.e. the permittivity of dielectric material is real.
The Mth reflected or transmitted wave in region I or III has an inclination angle with respect to the 
X  axis and z axis respectively, by
p„ = tan-'(ky/k„ ,) (5.28a)
(5.28b)
k  is the wave number in region I and III. It is evident that depending on the modal index n, the 
angles are real (propagating modes) or complex (evanescent modes). When it comes to the zero 
mode (specular path), (po = (/> and &o= 6, which are equal to the incident angles. In the case of 2D 
incidence, all reflected and transmitted waves are in the same plane as the plane of incidence. 
However, in the case of 3D incidence, all reflected and transmitted waves lie on the surface of a 
cone with the cone axis along the >’ axis [127],
5.2.6 Truncation for Matrix Computation
The matrices involved must be truncated to finite ones when carrying out the numerical 
computations. The truncated finite matrices have to allow for accurate calculation o f reflected and 
transmitted waves and to be tractable for numerical calculation. If  the number o f modes retained 
in the computation is N, e.g. ~N\ < M < then iVi +X2 + I.
Concerning the truncation process, it is generally accepted [124] that more modes are needed for 
TM polarisation than TE polarisation. A periodic layer with larger dfX, or thickness relative to the 
wavelength, and larger differences between the dielectric constants of the materials forming the 
periodic layer, needs a larger number of modes. A metallic periodic layer needs a larger number 
o f modes than a dielectric periodic layer [124], therefore a study of convergence is suggested to 
be performed for each particular case, to decide on the required number of modes.
Figure 5.5 shows the power transmission coefficient versus the number o f modes for TE and TM 
polarisation and for linear polarisation in the case o f oblique incidence. It can be seen that TM 
polarisation and linear polarisation require a greater number of modes to converge than TE 
polarisation.
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Figure 5.5 Convergence of power transmission coefficienct versus the number of modes for the 
structure studied in Figure 5.6 at 3GHz for TE and TM polarisation (^= 0°) and for linear 
polarisation oblique incidence (^= 60" and 60") at ^=30"
5.3 Simulation Results
In order to show the different reflection and transmission responses of typical building structures, 
various periodic structures currently used by the building industry are examined by the 3D-MTL 
method. In the following results all reflection and transmission coefficients refer to specular 
coefficients in terms of power, i.e. for zero mode, unless stated.
5.3.1 Concrete Block Walls
5.3.1.1 2D Results
The parameters used in this case are as those in [3;121]:/ = 0.9 GHz, h\ = h^= 1.35 cm, /i2 = 12.6 
cm, £-1 = £3 = f2 i = 3 + 7 O.O3 , £2 2 = \ ,d \ = A cm, di= \ \  cm and d  = 15cm. A convergence study is 
performed for the case of interest. It was found that the number of modes # =  21 (« = 0, ±1.. .±10) 
was sufficient to converge, as shown in Figure 5.5.
The angular response of the reflection and transmission coefficient is shown in Figure 5.6 for a 
TE and TM polarised incident plane wave at 900MHz. At 900MHz, only specular transmission 
and reflection occur. Simulation results from [3] are also shown in the same figure, represented by 
circles. An excellent agreement between the two different methods for the scenario of interest has 
been observed for both TE and TM polarisation.
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Figure 5.6 Transmission and reflection coefficient of a periodic concrete block wall versus angle of 
incidence 0  (thickness H  = 15.3cm,/ =  0.9 GHz and  ^= 0“) (o: results from [3] ) (a) TE polarisation
(b) TM polarisation
As the frequency increases, higher modes will begin to propagate in the air regions on either side 
of the structure. Figure 5.7 shows the reflected and transmitted power for different modes as a 
function of frequency (TE polarisation, thickness H  = 15.3cm, 0 = 45 ° and ^ = 0°). For 
frequencies lower than 1.173GHz, only the specular wave (mode 0) is propagating. The non- 
specular wave (mode -1 ) is excited for higher frequencies. At a frequency of 2.346GHz, mode -2  
starts propagating.
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Figure 5.7 Reflection and transmission coefficients of different modes as a function of frequency (TE 
polarisation, thickness H  = 15.3cm, 0 = 45 " and  ^= 0“)
In the case of 2D incidence, the transmitted or reflected angle can be further simplified to 
= 0 , i9„ = sin ■ ‘ / A:) = sin "‘(sin (9 + «/?./£/) (5.29)
Propagation angles of mode 0 (« = 0) equal the angle of incidence, while propagation angles of 
mode -1 and mode -2  are different from that of the incident wave. A plot of the transmitted or 
reflected angle as a function of frequency is shown in Figure 5.8, for <9 = 45 ° and (j) = 0°. The 
negative angle means that the reflected plane wave will be back towards the incident plane wave.
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Figure 5.8 Transmitted and reflected angle as a function of frequency for different modes
Can the periodic structure be replaced with a homogeneous one? Comparisons were made in 
Figure 5.9. It is easy to see that the inner periodic layer becomes a homogeneous one for the 
following two cases: 1) d \/d -^ \, the structure becomes a uniform slab and 2) d\/d—*0, where the 
structure becomes two uniform layers separated by air. Both of the above cases, as shown in 
Figure 5.9 (a) and (b) were also compared with the single dielectric layer model and the multiple 
dielectric layer model, described in Chapter 2. Results were found to be identical, indicating that 
the implemented model and the analysis are correct. Another interesting comparison is to replace 
the periodic layer by a homogenous one with the average dielectric constant of the periodic layer. 
For the scenario of interest, the average dielectric constant of the periodic layer is 1.5333 + 
0.0080/. The reflected and transmitted power is shown in Figure 5.9(c).
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Figure 5.9 Comparisons of transmission and reflection properties of a periodic structure and three 
homogeneous structures for TE polarisation at 900MHz (a) by settting d i = </=15cm, </2 = 0 therefore 
the periodic structure becomes a uniform slab (homogeneous structure I) (b) by setting d z  = </=15cm, 
= 0 therefore the periodic structure becomes two uniform layers separated by air (homogeneous 
structure II) (c) three layered dielectric structure with inner layer having the average dielectric 
constant of the periodic layer (homogeneous structure III)
As can be seen from Figure 5.9, the inner periodic layer does change the whole structure’s 
reflection and transmission coefficient; therefore the periodic structure can not be simplified, 
especially at high frequencies, when non-sepcualr transmission and reflection occur.
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Figure 5.10 (a) shows the specular transmission coefficient for the same concrete block wall as a 
function of incident angle 6 for a TE polarised plane wave at 3GHz, in the case of 2D incidence. 
The angular response of the transmission coefficient from Modal Approach [69] and 2D-MTL 
[93] are also shown in the figure. An excellent agreement among the different methods for the 
scenario of interest has been observed. This further validates the modelling approach. Figure 5.10 
(b) shows the transmission coefficient of the propagating modes as a function of incident angle 6 
at 3GHz. Depending on the angle of incidence, different modes of transmitted wave could carry 
the dominant power. A plot of the transmitted/reflected angle as a function of incident angle is 
shown in Figure 5.11, for a frequency of 3GHz.
Î -1*
O Modal A pproach
i1II
(a) Comparisons among different methods (b) Transmission coefficient for different mode
Figure 5.10 Transmission coefficient of a periodic concrete block wall versus angle of incidence 0  (TE 
polarisation, thickness H  = 15.3cm,/ = 3GHz and (jt = 0")
I -20
‘80 •40 •20TTia 20 400h  Incidant ingla (dag)
Figure 5.11 Transmitted and reflected angle of different mode as a function of incident angle at 3GHz
As an example, both angles of the transmitted and reflected waves and their relative power are 
depicted together in Figure 5.12, for 6 = 30°. Power reflection and transmission coefficient are
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described in Table 5.1. It can be seen that the dominant transmitted power is carried away in the 
direction of the -1 mode in this example.
120
an Incldltnt plane150
180
0 .25
210
240 300
2 70
Figure 5.12 Transmitted and reflected waves for each mode for 0  = 30" at 3GHz
Mode Reflected angle(deg) Ref. coefficient (%) Ref. coefficient (dB)
-2 -56.4 3.5 -14.4
-1 -9.5 3.9 -13.9
0 30 40.9 -3.8
Mode Transmitted angle(deg) Trans, coefficicent (%) Trans, coeffcient (dB)
-2 -56.4 11.4 -9.4
-I -9.5 24.3 -6.1
0 30 6.6 -11.7
Table 5.3 Angles of transmitted and reflected waves and their coefficient for each mode
It is obvious that in (5.29), the reflected and transmitted angle of the zero mode {n = 0) equals the 
angle of incidence, regardless the value of )Jd, in the case of the 2D incidence. However, the 
number of the propagating modes strongly depends on Xld and angle 6\ more modes will begin to 
propagate in region I and III with decreasing XJd. It is obvious that in the case when Xld > 2, the 
propagating mode reduces to a single zero mode. Similarly, it is found that the value of )Jh only 
influences the scattering amplitudes and consequently the power transmission coefficients of each 
mode [121].
5.3.1.2 3D Results
When a plane wave is obliquely incident onto the periodic structure {<f> i- 0°), the propagation 
mechanism is more complicated, compared with a 2D case. All the following results refer to the 
same structure detailed in 5.3.1.1 at 3GHz. Figure 5.13 shows the transmission and reflection
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coefficient for the same structure for mode -1 (non-specular waves) and mode 0 (specular waves) 
as a function of the incident angle (9at ^ = 60° for TE polarisation.
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T ( tn o d e  - 1 )
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T h e ta ( d e g r e e )
Figure 5.13 Transmission and reflection coefficients for -1 and 0 mode vs. angle ^at ^=60° for TE
polarisation
Unlike the case of 2D incidence, all reflected and transmitted waves are not in the same plane as 
the plane of incidence, in the case of 3D incidence. The angles of reflected and transmitted waves 
can be found by (5.28). Figure 5.14 shows the angles of the reflected/transmitted waves as a 
function of the incident angle with respect to x  and z axis. For mode 0, the reflected/transmitted 
angle equals the incident angle.
s
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Th« Incident angle  the ta  (deg)
1,
5  120
The Incident a ng le  the ta  (deg)
(») (b) (Pn
Figure 5.14 Reflected/transmitted angle for mode 0 and mode -1 as a function of the incident angle
with respect to x  and z axis
The number of the propagating modes also replies on angle Figure 5.15 presents the 
transmission coefficients for mode -2 , -1 and 0 as a function of angle at ^  = 45°, for TE and
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TM polarisation, respectively. It can be seen that the non-specular mode could be the dominant 
contribution. Depending on the incident angle, non-specular modes might be propagating or 
evanescent, e.g. the -2  mode vanishes at (j> and 6 = for the scenario of interest.
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Figure 5.15 Transmission coefficients for different modes -2 , -1 ,0  dependent on the angle o f  t f> n x e  =
45° (a) TE and (b) TM
In order to show the dependence of transmission coefficients on the incident angles more clearly. 
Figure 5.16 shows the three-dimensional variations for a plane wave obliquely incident onto the 
concrete block wall for TE and TM polarisation, respectively. This figure reveals the importance 
of three-dimensional modelling for radio wave propagation onto periodic wall structures.
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Figure 5.16 Transmission coefficient dependent on angle ^and ^(a) TE and (b) TM
5.3.2 Reinforced Concrete Walls
Reinforced concrete walls are made up of parallel cylindrical steel bars placed as an array or 
arranged in the form of a grid, embedded in a slab of concrete. As for the highly conductive 
metals, there are two methods to deal with them [125]. One way is to view them as PEC with 
infinite conductivity. The other method is to characterize the dielectric constants with very large 
magnitudes. They must be treated differently because the boundary conditions at the surface of
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PEC differ from those at the interface with finite conductivity. In order to implement MTL the 
latter method was chosen due to its simplicity.
Since scattering by a wire grid is dominated by wires that are parallel to the incident electric field 
[116], a reinforced concrete wall with internal steel grids can be simplified as a structure having 
parallel bars, if only the 2D incidence case {(f> = 0°) is considered. Therefore, the proposed three- 
layer periodic model in Figure 5.1 can be used to study the reflected and transmitted field.
Figure 5.17 Approximation of a reinforced concrete wall with parallel bars
In the case of the parallel bars, a steel bar of diameter 2 a {a is the radius of the steel bar) is 
approximated by a square bar having a size equal to the diameter in [121], as shown in Figure 
5.17. In this work, this approximation can be further extended to any level of accuracy by 
partitioning the steel bar into a large number of thin planar periodic layers, which all have a 
rectangular profile and the same periodicity. Take as an example the following structure [116]: a 
periodic structure composed of parallel metal rods and air with parameter diameter 2 a = 0 . 7 5  cm, 
d = 1.5 cm, hx = h  = 0. = 1 (air) and 621 = jo/o)£o{cr = l.llxlO^S/m  [121]). Figure 5.18
compares the transmission and reflection coefficient of TE and TM polarisation for the simplified 
single-layer {hi = 2d) periodic and 15-layer periodic wall (by dividing the steel bar 2a into 15 
layers i.e. approximating the circular contour of steel bar as zigzag/staircase contour that consists 
of segments of grid lines, as shown in Figure 5.19) as a function of frequency at normal incidence. 
In the simulation, ~N was set to 51 for the reasons explained earlier. Simulation results from the 
FDTD method [116] are also shown in this figure. It can be seen that results produced by the 15- 
layer periodic structure are in closer agreement with the FDTD results, than the results produced 
by the single layer periodic structure. It can be expected that better accuracy may be achieved by 
dividing the structure into a higher number of thin layers. As the individual layer is sufficiently 
thin, the zigzag contour tends to be circular. Based on the above solution, any periodic profile can 
be analyzed to an arbitrary degree of accuracy. However, it should be noted that the improved 
accuracy is achieved at the cost of computational efficiency.
103
Chapter 5. Propagation through Periodic Wall Structures: 3D-MTL
- 0-
i  10
 15 layers T
 1 layer T
1 5 layers R
 1 layer R
o  FDTD result T 
0  FDTD resu lt R
1 20 3 4 5 76 9 108
Frequency (GHz)
0.9
0.8
I  0.7
i 0 6
0.4
. ' 0
£ 0.3  15 layers T
 1 layer T
 15 layers R
1 layer R 
o  FDTD resu lt T 
0 FDTD resu lt R
0.2
0.1
Figure 5.18 Comparisons of the transmission and reflection coefflcient for an approximated single- 
layer and 15-layer structure periodic structure with FDTD results [116] as a function of frequency at 
normal incidence with (a) TE and (b)TM polarisation respectively
Figure 5.19 An approximation of circular contour as staircase contour (15 staircases)
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Figure 5.20 Transmission and reflection coefficient dependent on the angle of incidence dand wall 
thickness for TE polarisation incident onto a reinforced concrete wall at ^ = 0 “
Another structure with the same dimensions as those in [119] was analysed: h2 = 0.3 cm, d  =
15 cm, d\ = 14.7 cm, hi=  h3 = ( H -  A;)/! and/ =  1.8 GHz. The dielectric constant g,= 6 3 = £2 1 = 7 
+ yO.3 and £22  = ja /cD £ o  « y l.l Ix io ’ {or= 1.1 IxlO^S/m [121]). Figure 5.20 shows the transmission 
and reflection coefficient for a TE polarised wave incident onto a reinforced concrete wall as a 
function of the wall thickness 77 and incident angle 6 {</>= 0®), calculated by the MTL method at/  
= 1.8GHz. # = 5 1  was chosen in this case. An interesting observation is that the transmission and 
reflection loss will not necessarily increase linearly with increasing material thickness. This 
means that a thicker wall can cause less penetration loss than a thinner wall due to the resonant 
behaviour of the wall. Through the 3D-MTL method, the transmission and reflection
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characteristics of a reinforced concrete wall with parallel bars can be studied under any oblique 
incidence.
5,4 Summary
The main contribution in this chapter is that the previous 2D-MTL method has been successfully 
extended to the analysis of multilayer periodic building structures for the case of 3D incidence, 
which is referred to a 3D-MTL model. It can be used to solve the electromagnetic properties of 
periodic building walls in terms o f transmission and reflection characteristics. The presented 3D- 
MTL model is a generalised solution, compared with 2D-MTL model, in that there is no 
restriction on the angles of incidence.
The novelty of the proposed 3D-MTL model lies in that it combines the available rigorous TE and 
TM characteristic functions determined in the case of 2D incidence, with a coordinate rotation to 
obtain the solution in the case of 3D incidence. The coordinate transformation greatly simplifies 
the problem. It is the first time that 3D-MTL solution is applied to model plane wave propagation 
through and from periodic building structures. This method can be used to study the 
electromagnetic properties o f building walls in terms o f transmission and reflection 
characteristics, under 3D incidence case.
The accuracy o f the method was examined by comparing the obtained results with previously 
published results for the reinforced concrete and concrete block wall cases. An excellent 
agreement has validated the extended 3D-MTL approach. For the case o f reinforced concrete 
walls with parallel cylindrical bars, it is found that a steel bar of diameter 2a (a is the radius of the 
steel bar) can be approximated by a square bar having the same size if the bar radius is much 
smaller than the wall thickness. If  this bar radius is comparable to the wall thickness, this bar can 
be divided into a large number of thin periodic layers. The accuracy of this approximation has 
also been demonstrated in this work.
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Chapter 6
6 Propagation through Periodic Wall 
Structures: RCWA
6.1 Introduction
In this chapter, a multi-layer periodic wall structure is studied, for the three-dimensional (3D) 
arbitrarily oblique incidence of a plane wave, by an efficient rigorous coupled-wave analysis 
(RCWA) method. In the past, this technique has been used to deal with the diffraction problems 
of optical gratings. To the authors’ best knowledge, this method has never been used before to 
model radio wave propagation through periodic wall structures. The modelling method is further 
extended in this work so that it can be applied to any multi-layer structure with any number of 
periodic and homogeneous layers in any arbitraiy order providing that all the periodic layers have 
the same periodicity d, as shown in Figure 6.1. A multi-layer periodic structure is shown as an 
example in Figure 6.1. This structure consists of n layers, with the 2"*^  and «th layer periodic, s is 
the dielectric permittivity of each layer and h represents the height o f each layer. Due to the 
limitation o f its application, d  = d2 \ + dn  = dni + d„i.
This chapter sets out with a description of the RCWA modelling method following the references 
[128;129]. First, a multi-layer single periodic structure is studied in detail. Then, an extension of 
the theoiy is applied to a multi-layer double periodic structure. Here single periodic applies where 
the periodicity is along only one direction, while double periodic is used for cases along two 
directions. The accuracy of the RCWA method is examined by comparing its results with 
previously published results for reinforced concrete and concrete block walls. Simulation results 
based on the proposed model are presented to show the non-linear variation of penetration loss in 
certain periodical structures. Comparisons are also made with experimental results. This chapter 
concludes with a brief summary.
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h  ^
Figure 6.1 Geometry of plane wave incidence onto the periodic multi-layer structure (2D view). 
Structure is composed of n  layers with 2"** layer and «*'' layer periodic. Periodicity d = ^21 + ^22 = d„i + 
d„2. e  is the dielectric constant of each layer and h  represents the height of each layer
6.2 Modelling Description
Incident wave
The plane of incidence
Region I
Region II
Region III
Figure 6.2 Geometry of 30  oblique incidence onto the periodic three-layer structure
The same three-layer periodic building structure studied in Chapter 5 is depicted in Figure 6.2, 
with the same parameters defined in section 5.2.1. A general 3D solution is presented as follows.
6.2.1 Region I and III
The incident field in Region I is given by
Ei„c = Û ex p [-y l;.(%% + + zz)] (6 .1)
108
Chapter 6. Propagation through Periodic Wall Structures: RCWA
A  time dependence of exp(/û?t) is assumed and omitted in this discussion. The electric-field vector 
M of the incident wave is given by
Û = (cosy/cosÛc o s ^ -s in ^ s in ^ )x + (cosy/ cos0 ü n ^  + siny/ cos(f)y -  (cosy/s in  0)z (6.2)
The wave vector ki is given by
kj = ^ o « y (s in ^ co s^ + sin ^s in ^ + co s^ ) (6.3)
where k^ = lit/X  and X (m) is the wavelength o f the incident wave in free space, and rii is the 
refractive index o f the region I.
The electric fields in regions I and III can be expressed as [129]
= ^inc + X  Gxp[-V(^,,,x + kyy -  kj^,i z)] (6.4)
i
= 2 2 ^  exp{-y[t^,% + kyy  + (z - / / j )]} (6.5)
i
where
i^TT" ^ 0^/ sin^COS^ — ~  ( /= ...—2, —1, 0 ,1 ,2 ...)  (6.6)
k = k^rii sin 6  sin (j> (6.7)
~ky^ ç fç j +ky^)< (k^n, f
-  +ky^ -  {k^n ,f ^ky^)>  (AtqW/ f
(6.8)
km (I ~  I, III) is either positive real (a propagating wave) or negative imaginary (an evanescent 
wave). Ri is the normalized electric-field of the rth reflected wave in region I. T, is the normalized 
electric-field of the zth transmitted wave in region III. The corresponding magnetic fields can be 
found from
77 = 1 V x E  (6.9)
where is the permeability of the region and m is the angular frequency. The rth reflected or 
transmitted wave in region I or III has an inclination angle with respect to x  axis and z axis 
respectively, by
I= tan (6.10)
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i9, = tan"' (6.11)
6.2.2 Region II
In each Zth layer of region II, the fields may be expressed as a Fourier expansion in terms of space 
harmonics fields [129]
^/ = 5 ]  + ^!yi (z)T + (z)z] Qxp[-j{k^,x + kyy)\ (6.12)
^ I = - y j — X  lyi (^)y + ^  hi (z)z] exp[-y(^^,.x + kyy)\ (6.13)V / o^ /
where s^and //oare the permittivity and permeability o f free space, respectively. Sn(z) and Z7/, (z) 
are the amplitudes of the space harmonics o f the fields so that the electric and magnetic fields 
satisfy Maxwell’s equations in the Zth layer
V x E , = - J couqH i (6.14)
V X 77, = 7 coSqS, (x)Ei (6.15)
where si (x) is the relative permittivity o f the Zth layer and is a periodic function expandable in a 
Fourier series for a periodic layer as
s , (x) = ^ „  exp(y2m xId )  (6.16)
1 ri/2= —• £•/ (x) exp(-72m x / d)dx (6.17)
£■/,„ is the Mth Fourier coefficient o f the si (x). Similarly, a ^  is introduced, which is the «th
coefficient o f the Fourier expansion o f the inverse permittivity s i \x )  [130], i.e.
(x) = ^  a, „ exp(j2m x id )  (6.18)
1 _ia, „ = I  ^ ^2 W  Gxp(-72m?x/ d)dx (6.19)
In the rectangular profile shown in Figure 6.2, the coefficients of the relative permittivity Fourier
series are
0 — (^21^1 ^22^2 )  ^^  (6.20)
= ( ^ 2 1  -  ^ 2 2  ) sin(;zM <7^ / < 7 ) / ( n  5^0) (6.21)
110
Chapter 6. Propap^ation through Periodic Wall Structures: RCWA
Substituting (6.12) and (6.13) into (6.14) and (6.15), and eliminating the z-axis components of the 
fields, results in an infinite set of four first-order coupled-wave equations
lyi (^ )
dz (6.22a)
(6.22b)
(6.22c)
(6.22d)
w herez'  = Æqz andp  -  i - n .
6.2.3 Eigenvalues Solution
Equations (6.22a) -  (6.22d) can be written in matrix form by truncating infinite sums in order to 
numerically solve this set o f coupled differential equations
d
dz
0 0 P>,n ^,12
0 0 ^1,21 ^1,22
Q i ,n Ô/.12 0 0 U>,y
_Q i ,21 Q i,22 0 0
(6.23)
where z ' = koz,
Pi - Pl,\2_-^ /,21 P{,22 _ - 7
Qi = Q i,n Ô/.12
_ Q l,21 Q i,22 _ - A : , / : ,
(6.24)
(6.25)
The matrices Pi and g/have been rewritten in order to have fast convergence rates [130;131]. /  is 
an identity matrix, /^an d  /Ç^are diagonal matrices with the elements k y /ko and respectively. 
El and ai are the matrices formed by permittivity and inverse permittivity components sijp = £ij.p 
and aijp = a^p, respectively. Note that 7, Kx, Ky, s’/and a/ are (N x N) matrices if N  is the number 
of the space harmonics retained in the field. Equation (6.23), a (4iV^  x 4N) matrix can be further 
reduced to two (N x N )  matrices, respectively [129]
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- ^  = [k / + A ] [ U ,J  (6.26a)
P P j j X  r r ^  2 . r. -1i2 (6.26b)
where A = Kx ~ si, B = KxEf^Kx - 1. Note that if the layer is homogeneous for instance the first 
layer, si and at become diagonal matrices with elements e\ and 1/fi, respectively. Equations (6.26) 
can be solved by calculating the eigenvalues and eigenvectors associated with the above two 
matrices. The space harmonics of the tangential magnetic and electric field are given as [129]
= exp[-^o^2.m(^-  A7/_!)] + Czexp[-/cog2,«(A7/ “ ^)]} (6.27a)
/«=!
(^) = E  f  exp[--feo^i.,„(z -  77m  )] + C; „,- exp[-A:o^i,„, (77, -  z)]} (6.27b)m-l
= ( z -7 7 ,_i)] + c ,e x p [ - ^ o g i^ (7 7 ,  -z )]}
»i=i
+ Z ^ i2.m« exp[-^o9'2,m(z -  ^/-i)] + C2.„r exp[-A:o^ 2,m (^/ -  z)])
«1=1
k^ i,yi W  =  {- ^^Vi-koQim (z -  AT/ - 1  )] + Cy„~ Qxp[~koqi,„ (77/ -  z)]}»)=i
+ X ^22./,,« {- C2,P  exp[-^o72 . , « ( 2  -  )] + C2,„r exp[-^o9'2,m(Af/ -  z)]}
(6.27c)
(6.27d)
where and i^,,„ represent the elements of the eigenvector matrix J¥/,i and the positive square 
root of the matrix [AT/ + A], respectively. h'2 ,/> and q^», are the elements of the eigenvector matrix 
Wi,z and the positive square root of the matrix [Ky + Baf^], The matrices Vm> Vi.n, V1.21 and E/.22 
are found by (6.27a) (6.27b) and (6.23)
^ ^ . i i = ^ '% a . i
1 (^ O.Zoy
y,.2i
K 21 = b - 'w ,,q , ,
where Qu  and g /,2 are diagonal matrices with diagonal elements qi„, and q2,,„, respectively. The 
quantities Ci,,/, C2,»/ and C2 ,,„~ are the unknown coefficients that will be determined from the
boundary conditions.
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6.2.4 Boundary Conditions
To compute the reflected and ti-ansmitted field in region I and III, the tangential electric and 
magnetic fields are matched at each boundaiy. Take the three-layer structure shown in Figure 6.2 
as an example. At z = 0, [129]
sin^ /o I 0 >1... P\,sp
j  s m y / c o s  O S io + -JYi 0 W l ,S - V l . 2 a . ”-  j  c o s  y/SIQ 0 / ~ ^ l , p s ^ l , l - ^ l , p p ^ l , 2
c o s y / c o s  OSio 0 -J ^ I . _ ^ l ,p s ^ h p p P lp p - ^ 1 ,2 .^ 1,2 _
(6.29)
where â  is the Kronecker delta function. R /^ and Rpi may be considered as the TE and TM 
components o f the reflected field in region I. Xi^i and Xi,2 are diagonal matrices with diagonal 
elements exp(-/to^i,i77i) and Qxp{-hq\,2Hi), respectively. Yj and Zi are diagonal matrices with 
diagonal elements k ^ /  ko and km/kovii^ respectively and
=  ^ ^ , 1 1  j  \^,pp -  PcP\,22 
= ;^ ^ . i  + ^ ^ .2 1 , + ^^ .1 2
-  ^«^1.2 , = f;^^2i -
^\,sp—^1^1,22’ P\,ps — PsP\,n (6.30)
with 7^ and F], being diagonal matrices with elements c o s a n d  sin% respectively. % is defined in 
(6.10). The quantities ci,r, and Ci,2 " are the unknown coefficients that will be 
determined from the boundary conditions. Equation (6.30) applies to all the layers.
At z = Hi,
Pl,sp \^,2 Pl,ss ^SP ■
^i,pp^l,2 ^1,2^
^hps
P2.SS ^2,.sy P 2 ,s p ^ 2 ,2 ^ 2 , \
- ^ . « ^ 2 . 1 - ) ^ . , P ^ 2 , 2 ^ 2 .r
-^ ^ 2 .;^ ^ 2 .2 ^2,2
_ ^ 2 .p s ^ 2 ,p s  ^ 2 , 1 ^ 2 ,p p ^ 2 ,2 _^2,2
(6.31)
Following the procedure for the other layers, at the boundary between the last Ath layer and the 
region III (z = Hi)
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P l ,ss^ L , \ P l ,s p ^ L ,2 V m s V l ,sp ■ ^L,\* I 0
^ L ,s s ^ L ,\ ^L,\ jYm 0
^ L ,p p ^ L ,2 ^L,2^ 0 I
y i , p s ^ L , \ P l ,p p ^ L ,2 V l ,ps Vl ,pp  _ p L ,2  _ 0 J^JII _
(6.32)
where 71,- and Tpj may be considered as the TE and TM components of the transmitted field in 
region III. Ym and Zui are diagonal matrices with diagonal elements kmJko and km Jhn in , 
respectively.
It should be noted for each layer, the field entering into the layer can be rewritten in matrix form 
as
P 'i,n Fi,n
P l,2 i F i ,22 'I I 0 ■
/^.31 F i ,22 0 _^l,2_
_^ ,41 F i ,42_
rewritten in matrix form as
Fi,n
F i ,22 o '
Pi,21 F i ,32 _ 0 II y  1,2^
Fim Fi,42 _
where Fi represents the matrix consisting of Wi and F/,
At the boundary between (/ -  l)th and Zth layer (z = 77/.i),
0 ■ ' I o',11=0 ^l,2_ 0 /_
Fi-i,n 'Fi,n Fi,12
Fi-1,22 o ' F i ,21 F i ,22 'I I 0 1
F i-1 ,3 \ F i -1,32 0 II _ ^ /- l,2  _ F i ,3I F i ,32 0
Fi-1,41 E /-1 ,4 2 _ _Fl,41 Fi,42 _
' 1,2
(6.33)
6.2.5 Enhanced Transmittance Matrix Approach
The equations for the fields at each boundary can be solved simultaneously for the values R^ i, Rp, 
and Tsi, Tpt. However, for a large number of layers (7) the entire system of equations is too large 
for an efficient numerical computation. In order to reduce the size of the equations, following the 
standard transmittance matrix approach in [128], we get
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smy/SiQ 1 0
jsmy/cosdSiQ + ~JYi 0- j  cosy/0, 0 0 /
cos ^  cos ^ ( ^ ,0 0 -J Z i_
R .
Rp i
= n/=!
> /.ll ^.12^/" Fi,n^i Fi,12 -1 I 0
F/,22-^ 1 Fi,2iKi Fi,22 JYm 0
/^.31 ^.32^/ Fi,32 0 I
_^.41 Fi,42^I_ _Fi,4iX, Fi,42 _ 0
Ts!
= n1=1
'Fi,n 'Fi,n Ft,\2 -1 I 0
Fi,u Fi,2iKi o ' -1 Fi,2\ f}.22 JYm 0
Fi,2I Fi,32-Yi 0 II Fi,i Fi,32 0 I
_Fi,4\ Fi,4zX, _ Fim Fi,42 _ 0 JZm]
(6.34)
To remove the numerical instability problem associated with the matrix inversion operation in 
(6.34), an enhanced transmittance matrix approach [128] is implemented. Consider rewriting the 
last factor in (6.34) as
~F,,n ^ , 1 2 ^ / -1 > 4 il F l ,\2
F l ,21 F l , 2 2 ^ L 'X , o ' F l ,2 \ F l ,22
F l ,31 F i ,3 2 ^ L 0 II F ,,3 1 F l ,32
_Fl,4i F l ,4 2 ^ L _ F l ,4 \ F l,4 2  _
where = 
Rewriting (6,35) as
/ o' '0 /
0 ’ S'l+1 - and T  =0 J'Y III _
^ . 1 2 ^ /
Fl,2\ f l ,2 2 ^ X o '
Fl,3\ Fl,32^L 0 II
Fl,4\ Fl,42^L _
«i
fl+\
S l +\
(6.35)
(6.36)
where
> 4 1 1 ^ 4 1 2 '
-1
F l ,2 \ F l ,22 ' A n '
. h . F , ,3 1 F l ,32 S l +i _
. ^ 4 4 1 F l ,42^
By making the substitution T = a i ^XiX l, (6.35) can be reduced to
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A
S l .
T, =
A,i I + A ,12
A .2 i+ A .2 2 % A ': 'A > J
A , 3  1 A ,  32 (-^Z , k i P i  X I  )
A,41 + A,42 )
Repeating the process for all layers, we get
I 0
ysinv/cosé't^/o + -J Y i 0 'K i ' 7 r-jcos\f/6,Q 0 I _A,_ _gl_
cos cos ^ (5,0 0
Ti (6.37)
Equation (6.37) can be solved for R^ t, Rpi and 7) without any numerical instability. T  is obtained by
"AT = (6.38)
6.2.6 Reflection and Transmission Coefficients
After solving 7?.„, Rp, and A , Tpj, the reflection and transmission efficiencies are defined as
D E ,i= \R ,,fR c
= A fR e!
ki,2
kj COSÛ
If ''
kj cos 0
+ A ' kj,zirij kj COS0
+ \Fpi\ Re
where ki= hni. In the free space, (6.39) (6.40) can be simplified to
P £ „ . = ( K , | 4 K , r ) R e ( ^ )
IReyk^cosO
Conservation of energy for a lossless dielectric multi-layer structure is defined as
Y S d e „ + d e „)=\
i
The power transmission and reflection coefficients are defined in decimal as
R,=DE,„T;Z.DE„
(6.39)
(6.40)
(6.41)
(6.42)
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or in decibels as
=101ogl0(Z)£,,), 7;. =101ogl0(Z)£,)
6.2.7 Double Periodic Structure
(6.43)
The RCWA algorithm for a multi-layer single periodic structure can be easily extended to solve 
the problem for multi-layer double periodic structures [132; 133]. The double periodic structure 
with tperiodicity along both jc anddirect ions is examined as shown in Figure 6.3.
The plane of incidence
Figure 6.3: Geometry of three-dimensional oblique incidence onto the double periodic three-layer 
structure (1st homogeneous layer is not shown here)
The periodicity is Dx along the x  axis direction and Dy along the y  axis direction. The periodic 
permittivity and the inverse-permittivity of the periodic layer can be expanded in double Fourier 
series as
(^, t )  = X  exp( jlTcgxlD^ + jln h y jD y  )
g.h
(x, t )  = X  exp( j ln g x lD ,  + jln h y /D y  )
g.h
(6.44)
(6.45)
where f/g/, and ai_gh are the Fourier coefficients for lih layer, which can be easily determined by
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^i,gh I  T ) G x p [ - 7 ( 2 % % / D ^  + 2 7 â iy /D y ) ] d x d y
D,£>v
^hgh = 7 ^ 7 ^  I  ]^i \x ,y)ex^[{-j(2ngx/D ^+ 2nhy/D y)]dxdy
^ y  Q Ü
The electric fields in region I and III can be expressed as
Ej = K c  + E  Km ^^P[-KKn,X + ky^^y -
in,It
ëjii = X  Kn exp{-y[A:^,„x + ky„y + (z -  )]}III,It
where
(6.46)
(6.47)
(6.48)
(6.49)
kx,„ = kQtij sin^cos(îJ -  2
ky„ = k^rij sin(9sin^ - 2
mtr
~d I
YlTt
5 7
P , n , f - k j - k j  ( k j + k ^ ^ ) < ( k , n , f  
-J-\IK i,i  ^+^yn )>(^0«/)
x^^ mO^nO I 0
^y^ iiiO^ iiQ + 0 I^moKo(.kyoo^2 -My cosgw^)
7 7
A . Sx.
where / = I, III. Applying the same procedure in the single periodic structure results in a final 
equation for the double periodic multi-layer structure [133]
7] (6.50)
where Ar^ oo = ky^/ h , kxoo ~ kxo/ ko. Kx, Ky and Kjz are the diagonal matrices with diagonal elements 
kxi„/ h ,  ky„/ ka2iXid Kiz„,„/ ko respectively. Other parameters are the same as defined in the single 
periodic structure. Equation (6.50) can be solved for Rx, Ry and Ti without any numerical 
difficulties. Tx and 7} can be found by (6.38). Because of the orthogonality of the field-amplitude 
vectors and the corresponding wave vectors in region I and III, the R^ and 77 components can be 
obtained by
K  =(^:a„K+ky„Ry)lkj^^,„„
Tz = + ky„Ty)f kjjf.,„,„
(6.51)
(6.52)
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The efficiency o f each reflected and transmitted order is given by the z components of the time- 
averaged Poynting vector
jk^rij c o s (6. 53)
/^o«/// cos e\T„,„ f  (6.54)
The power transmission and reflection coefficients are defined in the same way as in (6.42).
6.2.8 Space Harmonics
A stable and efficient implementation o f RCWA, for a single and a double periodic multi-layer 
structure, will yield the transmission and reflection coefficients. The accuracy of the solution 
depends on the number of space harmonics N  retained in the expansion of the space harmonics 
fields in the periodic layer. In general, TM polarisation and linear polarisation require a greater 
number of harmonics to converge than TE polarisation; a thicker periodic layer and a layer with a 
larger periodicity will require more harmonics [129]; a metallic periodic layer requires more 
harmonics than a dielectric periodic layer; a double periodic structure requires a larger number of 
harmonics than a single periodic structure.
6.3 Numerical and Simulation Results
In this section, the reflection and transmission properties of the periodic wall structure, i.e. the 
concrete block walls and the reinforced concrete walls are computed by RCWA. The structures 
are characterized by a complex relative permittivity s,. = ^ + js" . Possible losses were included in 
= -ycr/(yy£b)- In the following results all reflection and transmission coefficients refer to the 
specular component coefficient in terms of power.
6.3.1 Concrete Block Walls
The same structure studied in [3; 121] is now investigated with the RCWA method. The 
parameters are as follows: h\=  hj,= 1.35cm, hj = 12.6cm, = 3 - y0.03, £ 22 = 1 (air
enclosure), di -  4cm, d2 = 11cm ,/ = 3GHz.
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Figure 6.4 Transmission coefficient versus angle ^with TE 90°) and TM (^ =  0°) polarisation at 
$)= 0° and 90° (•: resnlt by 3D-MTL) for a concrete bock wall
Figure 6.4 shows the angular responses of the transmission coefficient for a TE and TM polarised 
wave incident onto the periodic concrete block, described in Figure 6.2, at ^ = 0° and 90°. In this 
figure, results calculated through the 3D-MTL method are also shown. The results are identical to 
each other. It was proved that these two approaches are equivalent, except that the RCWA 
represents the electromagnetic fields in terms of summations over coupled waves, whereas the 
MTL uses the summations of individual modes [134].
6,3.2 Reinforced Concrete Walls
In order to be able to compare the RCWA results with those from FEM as published in [119], a 
reinforced concrete wall structure with the same dimensions as those in [119] was analyzed; = 
c/2  = 0.3cm, d  = 15cm, d\ =14.7cm, h\ = h2 = { H -  hz)!!. The dielectric constant = £3 = £2 1 = 7 -  
y0.3 and the conductivity of the steel cr= l.llxlO'^S/m, i.e. £2 2 = -yWcoso % -y l.11x10^ [121]. 
Figure 6.5 shows the transmission and reflection coefficient of a reinforced concrete and a 
homogeneous wall (i.e. without grid) as a function o f the wall thickness Tf, calculated by the 
RCWA method at f =  0.9GHz and 1.8GHz and normal incidence. The results in Figure 6.5 for the 
reinforced concrete wall with cross bars obtained by RCWA are very close to those obtained by 
FEM in [119]. The results also show that in the case of 2D incidence, the reinforced concrete wall 
with cross steel bars can be simplified to that with parallel steel bars.
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Figure 6.5 Transmission and reflection coefficient at (a) 1.8GHz and (b) 0.9GHz for a normal 
incidence for the reinforced concrete and homogeneous wall (o: result from |119])
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Figure 6.6 Comparison of the transmission coefficient for 3-layer and 13-layer reinforced concrete
wall structure at normal incidence
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Take as another example the following structure [135]: H =  20.3cm, diameter of the steer bar is d2 
= 1.9cm, d  = 7.0cm, d\ ~  5.1cm, dielectric constant g = 6  and cr = 1.95xlO~^S/m [116], the 
conductivity of the steel bar a =  l.llxlO®S/m [121]. Figure 6 . 6  compares the transmission 
coefficient for the simplified 3-layer and the 13-layer reinforced concrete (RC) wall (by dividing 
the steel bar into 11 layers) as a function of frequency. In the case of the circular steel bar, the 
contour can be approximated by the zigzag contour that consists o f segments of the grid lines, as 
shown in Figure 5.19. For most frequencies from 0.6 to 6 GHz, the difference is within 2dB. This 
is because the diameter of the steel bar is much smaller than the thickness of the structure; 
therefore there is no significant difference between the results presented in Figure 6 .6 .
6.3.3 Double Periodic Concrete Bock Walls
There are very few publications available on double periodic concrete block walls [116]. To solve 
the double periodic multi-layer structure with RCWA is computational-time inefficient because of 
the requirement of the increased harmonics modes, leading that the solution o f the eigenvalue is 
very time consuming.
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Figure 6.7 Comparison of the transmission and reflection coefficient for single and double periodic 
concrete block wall versus angle of incidence 8 ( ^  =  0'*) at 1.8GHz with TE polarisation
As expected, the resonant behaviour of the double periodic multi-layer structure is different than 
the single periodic multi-layer structure. To show the difference, the double periodic three-layer 
structure as shown in Figure 6.3 is analyzed by RCWA. H =  20cm, hi= hj = 9.85cm, h2 = 0.3cm, 
£-1 = £3 = £2 1 = 3, £2 2 = 1 (air enclosure), Dx= Dy= 15cm, <ij= 0.3cm and c/2  = 14.7cm. The single 
periodic multi-layer structure for comparison is quite similar except that along the x  axis direction 
it is periodic. Figure 6.7 shows the difference o f transmission coefficient for the double and single 
periodic three-layer structure as a function of incidence angle 0.
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6,4 Non Linear Behaviour of Radio Transmission Loss
In this section, the transmission coefficients of periodic wall structures are computed by the 
proposed method in Section 6.2. Although it is possible that the constitutive parameters can 
change as the frequency of operation changes depending on the material, it is assumed that these 
parameters will not change significantly in the given frequency range, therefore the material 
properties are assumed to be independent of frequency in the presented simulation. This work 
aims to investigate the general behaviour of transmission loss due to periodic structures.
6.4.1 Single Periodic Structures
A single periodic structure was investigated as in [136] with the following parameters: periodicity 
d  = 15cm, h] = hs = 0, hj / d  = 1.713, eai =2.56, £ 2 2  = 1.44 and d \ ~  d2  = d i 2, The frequency 
dependence of the specular power reflection coefficient in the 2D incidence case (^ = 0°, ^ = 45°) 
is shown in Figure 6.8, An excellent agreement between the RCWA result and that of [136] has 
been achieved. This demonstrates the accuracy of the implemented RCWA method. For/ around 
0.98 GHz and 1.08GHz, almost total reflection occurs as shown in Figure 6.8, while the 
homogeneous structure (by assuming 82 2  -  2.56, the periodic structure becomes a homogeneous 
one) does not show this behaviour.
 RCWA
 HoniogcniiouB slruclurn
I
I
0.3
Frequency (GHz)
Figure 6.8 Variation of specular reflection coefficient for a single layer periodic structure studied in 
[136] with frequency at 0°,  ^= 45° for TE polarisation (o : results from [136])
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6.4.2 Concrete Block Wall
_-io
E  *15
8  -20
- H (normaI Incidence) 
• P (nom ial Incidence) 
H(lhe»45, phl=0 deg) 
P[lho=4S, phl=0 deg)
Frequency(G H z)
Figure 6.9 Transmission coefficient as a function of frequency for a homogeneous structure and 
periodic multilayer structure with TE polarisation (H: homogeneous structure; P: periodic multilayer
structure)
Figure 6.9 shows the frequency dependency of specular transmission coefficient from 0.5 GHz to 
2 GHz with TE polarisation, for the same periodic multilayer concrete block wall analysed in 
Section 6.3.1 and a homogeneous wall structure (by assuming 622 = 3 - y0.03). It is found that the 
periodic wall structure can exhibit strong resonances while the homogeneous structure does not 
suggest this behaviour, although it also reveals a non-linear penetration loss trend.
6.4.3 Reinforced Concrete Wall
Figure 6.10 shows the transmission coefficient of reinforced concrete walls (with metallic rods) as 
a function o f d  / X at ^  ~ 0°, Ô = 45° for TE polarisation, compaied with the homogeneous 
structure when the metal rods are removed. The wall thickness H  has been chosen to be half of the 
periodicity d. The other parameters are as follows [137]: S\=  £3 = £21 = 3, £22 = -y c r/co so  (cr = 
1.11x10^ S/m), J 21 = 0.9(7, dll ~ 0. W, h\ = 0.2(7, A2 = 0.1(7 and A3 == 0.2(7. It is obvious that the 
transmission coefficient of the reinforced concrete wall displays a resonant response, depending 
on the frequency of operation. While the response of the homogeneous dielectric wall follows a 
significantly different trend.
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Figure 6.10 Transmission coefficient of reinforced concrete wails as a function of <// X at 0°,  ^= 
45° for TE polarisation (g, = %= gzt = 3, gzz = -ya/œso, ^21 = 0.1 rf, = 0.9rf, h i  = tS.ld, h t  = O.lrfand h ^
= 0.2d)
Figure 6.11 shows a typical specular transmission coefficient for a TE polarised wave incident 
onto a reinforced concrete wall studied in section 6.3.2 as a function of the wall thickness (0.04 
m to 0.2 m) and frequency/(0 .5  GHz to 3 GHz) at normal incidence, calculated by RCWA. The 
dependency of material properties on frequency is not taken into account.
thickn«»(m)
Fr*quency(G H i)
Figure 6.11 Transmission coefficient as a function of frequency and wall thickness for TE polarisation
at normal incidence
It can be seen that the transmission loss will not necessarily increase linearly with increasing 
material thickness and frequency. This means that there would be instances depending on the 
setup where a thicker wall can cause less penetration loss than a thinner wall, due to the resonant
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behaviour of the wall. Generally speaking results suggest that the transmitted signal can 
experience a penetration loss with non-linear characteristics that strongly depends upon the 
geometry of the structure of interest.
6.5 Comparison with Measurements
In order to examine the accuracy of the proposed model, and identify the parameters that affect 
the accuracy of these modelling approaches, experimental measurement results from [135] are 
used to validate the theoretical approach.
6.5.1 Experiment Setup
In [135], different sets of measurements were carried out for different typical wall types as 
constructed by the building industry. Measurements took place at normal incidence at TE 
polarisation as shown in Figure 6.12. A detailed explanation of the measurement setup and 
methodology followed can be found in [135]. Measurements of power loss were taken for 
different material thickness from 0.5 to 2 GHz and from 3 to 8 GHz. Instead of a single 
measurement being made at each frequency, the average of 128 samples of the response at each 
frequency was recorded. Ten separate tests were performed for each physical specimen. Using 
these ten separate tests, mean and standard deviation of the frequency response spectra for a 
particular specimen could be determined. All experimental data have been normalized, with 
respect to a similarly recorded measurement with no target material between the transmitter and 
receiver. Since the measured case studied in [135] refers to a non-plane wave incidence case (the 
samples under investigation are within the near field range of the antenna), an angular spectrum 
method [3] was implemented to calculate the transmitted field through different wall structures. 
This technique allows decomposing the incident beam into infinite set of plane waves, where the 
RCWA model can be used to deal with the individual plane wave.
O B S T R U C T IO N
Figure 6.12 Measurement setup [135]
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In this section, theoretical obtained results are compared to the experimental ones. Although the 
angle of incidence is one of the parameters that affect radio wave propagation, due to the 
restricted availability of experimental results at normal incidence, only this case is studied.
6.5.2 Comparisons for Concrete Masonry Block
'S
Figure 6.13 Geometry of concrete masonry block wall (1135)) (from left to right: CB1,CB2 and CB3)
The concrete masonry block used in the measurements had two rectangular holes and a central 
thin rectangular slot, as shown in Figure 6.13. The thin rectangular slot is neglected for simplicity, 
thus the wall composed of concrete masonry block can be modelled as a multilayer periodic 
structure with the following parameters [135]: H  = 19.4cm, h2 = d i=  12.6cm, d  = 19.4cm, d\ = 
6.8cm, h \=  h2 = 3.4cm. Figure 6.14 shows the theoretical transmission coefficients of the single 
(CBl), double (CB2) and triple (CB3) row concrete masonry block walls, as a function of 
frequency, at normal incidence with TE polarisation, compared with experimental data. The 
double and triple walls are composed of the same two or three concrete masonry block walls in 
parallel series. In Figure 6.14, measured results are presented as they appear in [135]: each group 
of experimental data for CBl, CB2 and CB3 contains a solid central line representing the mean 
signal amplitude and two dash-dotted lines representing a ±1 standard deviation range. Simulation 
results are represented by thicker solid lines. During the comparison between the theoretical 
analysis and the measurements, it is more appropriate to compare the simulation results with the 
±1 standard deviation range, which includes the exact measured points, instead o f comparing the 
theoretical analysis with the presented mean signal curve. As it can be seen, theoretical results are 
well correlated with the experimental ones, although some discrepancies appear at the lower 
frequencies. Results for a single layer homogeneous concrete structure are also shown in the same
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figure by dot lines for comparison, which are far from the measurements. This further confirms 
the inaccuracy when considering the periodic structure as a homogeneous one.
Due to the insensitivity of the real part o f the complex concrete permittivity to the frequency in 
the high range o f 3 to 9GHz [39], the real part of the dielectric constants o f the concrete masonry 
block samples is chosen as 7.0 [119] for the whole frequency range, while conductivity at 
different frequencies is extrapolated from Halabe’s model [138], as dielectric conductivity reveals 
a stronger dependence on frequency and is almost linear for frequencies above 0.6GHz [138]. The 
good agreement between the measurements and RCWA calculations suggests that the dielectric 
constants were reasonably chosen.
Frequency (GHj )
CB2
§
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W ll
p
-4S
Frequency (GHi)
128
Chapter 6. Propagation throu^^h Periodic Wall Structures: RCWA
Î
-410
Frequency (GHj )
Figure 6.14 Comparisons of the transmission coefficient between the theoretical and experimental 
results for single (CBl), double (CB2) and triple (CB3) row masonry concrete block wall
6.5.3 Discussion on Discrepancy in Comparisons
Although the theoretical model tries to accurately predict the signal behaviour, some 
discrepancies between the prediction and measurements cannot be avoided. Possible reasons 
include, but are not limited to:
■ Dependence of constitutive parameter properties on frequency, moisture content, 
temperature and concrete constituents etc [9;39;138], which are not usually known for the 
materials used in the measurements.
■ The space dimensions used in the theoretical models might have slightly been different 
that those used in the experimental measurements. The masonry concrete block is 
approximated as a perfect periodic structure in order to fit into the proposed theoretical 
model.
■ In the experiments the air gap between masonry block layers varied between 0-5mm 
while the simulation shows the case without an air gap. The differences caused by the 
5mm air gap in CB2 could be up to 4dB as shown in Figure 6.15.
■ Experimental errors might be introduced during the measurement process.
Despite of all these factors, one can still make useful comparisons between the simulation and 
measurement results. The theoretical model reveals the typical non-linear variation of penetration 
loss dependent on the frequency, thickness and geometiy of periodic building structures.
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Figure 6.15 Effect of the air gap on double (CB2) row concrete masonry block
6.6 Summary
In this chapter, an optical method RCWA is applied and enhanced to study the transmission and 
reflection characteristics of a multi-layer periodic wall structure. To summarize, the algorithm 
used to solve the reflection and transmission coefficients for a plane radio wave incident onto a 
multi-layer periodic structure consists of: (1) constructing the differential matrix; (2) calculating 
the eigenvalues and eigenvectors; (3) constructing and solving the system of linear equations for 
reflected and transmitted fields; (4) calculating the reflection and transmission coefficients. This 
method has been successfully applied to the analysis of multi-layer periodic building structures.
It has to be emphasised that the complexity of the RCWA method implemented in this work does 
not increase with the number of layers present in the structures. It is applicable to multi-layer 
structure, consisting of any combination of periodic and homogeneous layer, in any arbitrary 
order as long as all the periodic layers have the same periodicity.
The accuracy of the implemented RCWA algorithm was verified by comparing its results with 
those obtained by other researchers as well as 3D-MTL. The fields inside the multi-layer structure 
are expressed as the summations of coupled waves in terms of space harmonics, rather than 
individual modes in 3D-MTL, which has been elaborated in Chapter 5. It can be proved that they 
are alternative representations of the same physical problem. Both are complete and rigorous 
approaches.
This chapter also has examined the penetration loss suffered through multi-layer periodic wall 
structures currently used by the building industry. Several building materials were tested for 
different thicknesses over a range of frequencies. Simulation findings were compared with
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measurements. It is found that structures possessing periodic properties can result in a non-linear 
variation of penetration loss, depending on the frequency, thickness and structure geometiy.
The RCWA method is an efficient, accurate and general solution to calculate the reflection and 
transmission coefficient, for plane wave incident onto a multi-layer periodic wall structure. It can 
also be incorporated into a standard ray-tracing algorithm, to accurately model the effect of 
periodic building wall structures on radio wave propagation, which will be addressed in Chapter 7 
in detail.
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Chapter 7
7 Hybrid Model for Propagation through 
Periodic Building Structures
7.1 Introduction
The ray-tracing technique does not talce into account the effects o f periodic wall structures on 
radio wave propagation. In existing ray-tracing algorithms, wall structures are usually modelled as 
half-space materials or dielectric slab and layered models [1 0 ; 108], with reflection and 
transmission characteristics calculated by Fresnel coefficients. These models are good 
approximations for homogeneous wall structures where a substantial specular component 
dominates. However, when the wall structure possesses periodic variations, at higher frequencies, 
the standard ray-tracing approach is inadequate to accurately model radio propagation through 
periodical building interfaces due to the nature o f GO. Higher order Floquet modes excited at the 
periodic structure can propagate away from the wall, suggesting that significant power can be 
carried away from the wall in non-specular directions. In chapters 5 and 6 , the tiansmission and 
reflection properties of periodic wall structures were studied by the rigorous MTL and RCWA 
methods, which solve the transmission and reflection coefficients of specular and non-specular 
reflected/transmitted waves, for a plane wave incident onto a periodic wall structure.
Propagation prediction models must consider the non-specular waves excited by walls with a 
periodic nature in order to account for all of the scattered power [3; 139]. More accurate models 
are needed to take into account the effect of periodic wall structures on radio wave propagation.
Some investigations have been made in characterizing the transmission properties of periodic 
walls and their effects on the accuracy of radio propagation predictions. In [137], a fmite-element 
method (FEM) has been used to study the field distribution inside a simple building construction 
with reinforced concrete walls, illuminated by a plane wave. Yun et A l [140] investigated the 
different effects of periodic structures on the power distribution, etc. in an indoor environment by 
using the FDTD method. Both FEM and FDTD are rigorous numerical methods and 
computationally intensive. Therefore, hybrid methods combining rigorous numerical schemes 
with ray-tracing have been applied for solutions of electromagnetic scattering by periodic 
structures. In [141], a ray-tracing/FDTD hybrid model is proposed to study the wave penetration
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through periodic walls. The computational efficiency is improved without compromising 
accuracy. Another hybrid approach, which combines ray-tracing and the periodic moment method 
(PMM), is presented in [142] to study wave propagation inside a staircase, where the staircase is 
modelled as a periodic structure. Simulations and measurements were compared at 900 and 1800 
MHz and a reasonable* agreement was obtained (*: Simulation results o f hybrid approach are not 
perfectly matched with measurement, but in closer agreement with measurement than those of 
ray-tracing method).
In this chapter, a hybrid approach, based on the ray-tracing method shown in [19] and rigorous 
coupled-wave analysis (RCWA) [139] is developed to study the radio wave penetration through 
the periodic wall structures in an outdoor to indoor environment. The RCWA is employed to 
calculate the specular and non-specular transmission coefficients of the periodic wall structures. 
This hybrid model is described in section 7.2. Simulation findings are compared with those 
obtained by FDTD [141] in section 7.3. This chapter concludes with a short summary.
7.2 Ray-tracing/RCWA Hybrid Method
7.2.1 Description of Hybrid Models
Rx Routeo
Ray-tracing Region
Boundary
Periodic Wall
RCWA Region 
•  Tx
Figure 7.1 Hybrid modelling of radio wave propagation through a periodic wall structure in an
outdoor to indoor environment
The principle of this hybrid method is to divide the calculation domain into two subregions, i.e. 
the RCWA and the ray-tracing regions and then solve the two problems independently using 
appropriate methods for each one. Figure 7.1 shows a scenario of radio wave propagation through
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the periodic wall structure in a simple outdoor to indoor environment. The RCWA method is 
utilized within the RCWA region to obtain the field amplitude at each point along the boundary of 
two subregions. The transition from the RCWA region to the ray-tracing region is achieved by 
using a near to far field transformation. The boundary line is divided into N  sections, Rays are 
sent out from the centre of each partition, i.e. T\, T2 . . . 7 V to cover the rest of the environment as 
standard ray-tracing in [141].
It should be noted that the periodic structure is assumed to be infinite in the RCWA method, 
therefore, the boundary path should be slightly away from the structure, or contributions from the 
side walls will be introduced.
Since the RCWA method is used to obtain the reflection and transmission properties of periodic 
building structures in the case of plane wave incidence, the hybrid method will be presented for 
the following two different cases: non-plane wave and plane wave incidence, respectively. Only 
the 2D incidence case is considered in the following discussion,
7.2.2 Non-plane Wave Incidence
The angular spectrum method of plane waves is introduced to study the case of non-plane wave 
incidence. This method has been used to analyze the transmission and reflection of 
electromagnetic waves by dielectric planar interfaces [3; 143; 144],
The incident field radiated by an antenna is first represented as a superposition of plane waves 
travelling in diverse directions. The reflection and transmission coefficient of every plane wave as 
a function of the incident angle is evaluated numerically with the RCWA method. The reflected 
and transmitted field can be obtained by superposing the reflected and transmitted plane waves 
generated by the corresponding incident plane waves.
The 2D coordinate system is shown in Figure 7.2, where the incident waves are produced by an 
electromagnetic horn antenna with a square aperture. The periodic structure, representing a 
concrete block wall is also detailed in Figure 7.2. This structure is composed of three layers: a 
periodic layer, placed in between two uniform layers with dielectric constants S\ and £3 
respectively, consists of two alternating uniform rectangular dielectric bars having dielectric 
constants £21 and £22 and widths d\ and d2 , thus exhibiting a permittivity £t (x) = £• (x + cf) along the 
X axis with periodicity d = di + d .^ The thickness of the Ith layer is hi where I is the index of the 
layer.
Formulas were given for the normal incidence case in [3]. A more general oblique incidence case 
is presented in this work. Only perpendicular polarisation is considered. The term perpendicular
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polarisation means that the electric vector is perpendicular to the incident plane. Three field 
components are involved; Ey, Hx and Hz. Ey and Hx are tangential electric and magnetic fields.
The incident field radiated by the aperture antenna in the incident coordinate x 'o z’ is given by the 
following angular spectrum integral [144]
(7.1)
where k  is the wave number in the free space, a, =  sin 6  and y, =  cos 6.
A is the amplitude spectrum function, for aperture antenna, given by [144]
A ( a , )  = ^  co s(fa« ,/2 )
7t \ - { k a a J  7t)
(7.2)
where a is the aperture antenna width. The time dependence exp(/cur) is assumed and suppressed.
Figure 7.2 2D geometry of oblique incident waves on a periodic concrete block wall
In order to obtain the electric field transmitted through the periodic structure, (7.1) is expressed in 
the interface coordinate xoz. The transformation from the incident to the interface coordinate is 
given by [144]
-  COS Oq s i n ^ o X
- s i n < 9 o -  cos 0Q z (7.3)
L is the distance from the central point of aperture to the origin of interface coordinate. 6q is 
incident angle formed by the antenna and z axis.
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Thus, the incident field is expressed in the interface coordinates as follows
k  z) = ^  (7.4)
where ç? = 0 + 0q (Figure 7.2)
P = sin(6> + ^ o) = sin(9cos^{, +cos<9sini9o =sin^ 27
g = cos(<9 + ^ o) = cos ^  cos -sin^sin(9o =cosip
The transmitted fields are obtained by multiplying the amplitude spectrum function A  with the 
corresponding transmission coefficient T„ calculated by RCWA as following
E ,(x ,z )  = A
= — £  YjnAa,
2;r omOde (7.5)
where />„ =sm(p + n XI d  = sin , q„ = cos^„. d  is the periodicity o f structure, h is the thickness 
of the entire periodic structure {h = hi + h2 + A3). 7% is the complex transmission coefficient of the 
Mth Floquet harmonic. It should be noted that the sum in (7.5) is only taken over the propagating 
Floquet harmonics, i.e. n \< n  <ri2 . The number of propagating Floquet harmonics W = «2 ~ « 1  + 1 
is dependent on the incident angle and the frequency of operation.
To compare the transmitted field and incident field in the same coordinate, (7.5) can be rewritten 
in the incident coordinates as
E ,(x„ z ,) = ~  (7.6)I tv  *^ 1 „
when ^ois 0 degree, (7.6) agrees with (45) in [3]. Similarly, the tangential transmitted magnetic 
field Hx is expressed as
271 •'-1 „
where ^„ = —  (7 .8 )(OJJ,
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, kx„  ^<k^ (propagatingwaves) 
^ (evanescent waves) (7.9)
Ojr= A sinç3-«—— («=0, ±1,±2 ...) (7.10)d
7.2.3 Plane Wave Incidence
When a plane wave with unit amplitude is incident onto the periodic structure, the transmitted 
tangential electric and magnetic fields are given by
E ^(x ,z) = (7.11)
H ,(x ,z )  = (7.12)
n
where T„, Y„, kx„ and A^«are defined in (7.8)-(7.10).
7.2.4 Near to Far Field Transformation
With the known tangential electric Ey and magnetic Hx field along the boundary paths, the same 
near to far field transformation as in [141] was followed to find the electric field of each ray. The 
boundaiy line is divided into N  sections as shown in Figure 7.1. The ith section is enlarged in 
Figure 7.3. The length of each section / has to be small enough to meet the requirement that the 
distance between the observation and source points on the section is much larger than the length 
of section, to validate the far-field assumption [141]. Rays are sent out fi*om each transmitter, 
which is assumed to be the centre of each section, therefore N  transmitters are used.
• E y,i — >Hx,i
Figure 7.3 Tangential electric and magnetic fields along the /tli section for transmitter Ti
The electric field of each ray, launched from transmitter 7) can be found by the following near to 
far field transformation [141]
= + (7.13)
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where r  is the position vector of the observation point, and F'is the vector o f the source point 
along the boundary path.
7.3 Simulation results
In this section, simulation results will be presented for both plane wave incidence and non-plane 
wave incidence cases. Simulation results are also compared with published results.
7.3.1 Non-plane Wave Incidence
Transmission though a concrete block wall is already discussed in [3], where measurements are 
also provided. The same structure is now analyzed with the proposed hybrid method. The 
parameters used are as follows: A, = As= 2.5cm, hz = 9cm, S\ = ez = Si\ = 3, £ 22 = 1 (air enclosure), 
d\ = 2.5cm, d i -  1 0 cm ,/=  3GHz. 6q = 0°. Transmitting and receiving antennas are perpendicular 
polarised horn antennas, with the concrete block wall of interest located midway, as shown in 
Figure 7.4. The transmitting antenna is 3 feet away from the structure (L = 91.5cm), while the 
receiving antenna is moving along a semi-circle with a radius 3 feet. Since the width of the 
aperture horn in [3] was unknown, it was assumed to be 0.2m in this simulation. The transmitted 
field has been normalized to the received field, when the two antennas are at boresight in the 
absence of the wall. The angular response of the transmitted field, represented by the black solid 
line is shown in Figure 7.5, compared with the measurement results from [3]. Results when the 
periodic wall is replaced by the homogeneous concrete wall made of the same material are also 
shown in the same figure, represented by the dashed line.
Rx
20 deg. be am width
Tx
Figure 7.4 Setup of the measurement for transmission through a periodic concrete block wall [3]
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It can be observed that the transmitted power through the homogeneous wall is focused in the 
specular directions for a 20” beamwidth incident field. However, when it transmits through the 
periodic structure, the dominant transmitted power is carried away in non-specular directions.
The results presented in Figure 7.5 suggest that a good agreement has been achieved between the 
proposed method and the measurements made in [3]. The discrepancies are caused by the 
approximation of the width of the aperture antennas and other factors, which were not stated in
[3].
-30
-60
410 -#0 -30
90 -90
Figure 7.5 Angular response of the transmitted field calculated by the proposed hybrid method (*: 
measured transmitted field from [3], —: simulation results for the homogeneous concrete wall)
Another example is followed by studying the same structure in an outdoor to indoor environment 
as shown in Figure 7.1 [141]. The transmitting antenna is 3 feet away from the periodic wall; the 
other three walls are composed of homogeneous bricks having a thickness of 10cm. Figure 7.6 
shows the electric field distribution along the oo' receiver route by the proposed hybrid method, 
compared with a standard ray-tracing and FDTD method at 3GHz. Presented results have been 
normalized by the free space loss. Results of the proposed method are well correlated with those 
of FDTD analysis. In the standard ray-tracing algorithm, the wall is assumed to be homogeneous, 
therefore only the specular reflected and transmitted ray paths are traced. The flowchart of the 
traditional ray-tracing algorithm is shown in Figure 7.7.
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Figure 7.6 Comparisons among the hybrid method, FDTD and ray-tracing for the electric field
distributions along o o '  of Figure 7.1
In another hybrid ray-tracing/PMM approach [10], results of specular and non-specular reflection 
and transmission coefficients at certain angles of incidence over both faces of the periodic 
structures have been evaluated. These data are then used in the ray-tracing program to calculate 
the effect of radio waves incident upon sections of periodic material structures. A local plane- 
wave approximation for ray tubes is assumed. Accordingly, ray-tracing with the RCWA method is 
implemented in the same way, which is referred to as hybrid method 11. When a ray illuminates 
the periodic structure, specular and non-specular reflected and transmitted rays will be generated, 
depending on the geometry of interested structure and the frequency of operation [5]. The 
direction and the coefficients o f these specular and non-specular rays at certain angles of 
incidence over the periodic structures are evaluated by the RCWA method, instead of PMM. 
These rays are then further traced to find their contributions at the location of the receiving 
antenna. The flowchart o f hybrid method 11 is shown in Figure 7.8.
Results produced with the hybrid method 11 are shown in Figure 7.9, compaied with FDTD and 
standard ray-tracing. Deviations from the FDTD case are due to the fact that the transmitting 
antemia is close to the periodic stiucture, so the local plane-wave approximation is not valid.
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Figure 7.7 Flow chart of traditional ray launching algorithm for indoor propagation study
(diffraction is neglected)
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 Hybrid model I
“— Ray tracing
:
Distance to point o (m)
Figure 7.9 Comparisons among the hybrid method II, FDTD and ray-tracing for the electric field
distributions along o o '  of Figure 7.1
7.3.2 Plane Wave Incidence
When the transmitting antenna is far from the periodic structure, the incident wave can be 
assumed to be a plane wave. Therefore, (7.11) (7.12) are used to find the transmitted field through 
the structure. The scenario in Figure 7.1 is investigated with a PEC slab in the middle of the room 
as shown in Figure 7.10. A plane wave is incident onto the wall with a perpendicular angle.
Rx Route
Im<------------------- ----------->
PEC slab
im
.....1-  444^ Boundary
Periodic Wall
Figure 7.10 Scenario with a PEC slab in the middle for radio wave propagation through a periodic 
wall structure in an outdoor to indoor environment in the case of plane wave incidence
Figure 7.11 shows the electric field distribution along the investigated path for the case o f plane 
wave incidence. FDTD results from [141] and the traditional ray-tracing method are also shown in 
the same figure. Results of the proposed hybrid method and those of FDTD are correlated with
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each other. In contrast, the ray-tracing method produces significantly different results. This is 
because the PEC slab blocks the directly transmitted rays, therefore only rays diffracted from edge 
of the PEC slab can reach the interested points behind the slab. The field is zero behind the slab if  
diffraction is not considered in ray-tracing. While in reality, the non-specular transmitted waves 
produced by the periodic structure are reflected from the side walls and reach the interested 
points. Therefore the real field strength is stronger than that predicted by ray-tracing. The effects 
o f the non-specular waves are taken into account by the hybrid method.
The discrepancies between the results by the FDTD and the hybrid method are caused by: 1) the 
approximation in the hybrid method, i.e. only single diffracted rays from edges of the PEC slab 
are included. 2) The effect o f the corners at the end of the wall and the finite length of the 
structure are neglected in the hybrid method. Overall, a good agreement has been obtained 
between the proposed the hybrid method and the FDTD method.
 Hybrid m odel
 FDTD
 Ray tracing
-1 0
ÎI
- 3 0
- 5 0 0.2 0 .4 1 .40.8 1 1.2 
Distance to  point o (m)
1.6
Figure 7.11 Electric field distributions along oo' of Figure 7.10 when wall is concrete block for the
case of plane wave incidence
7.4 Summary
This chapter provides a solution for radio wave propagation through periodic wall structures in an 
outdoor to indoor environment. The effect of periodic building structure was taken into account 
by the proposed hybrid method. The main feature of this presented hybrid method is the 
combination of ray-tracing [19] and RCWA [139]. The calculation domain is divided into two 
regions, namely ray-tracing region and RCWA region. Each region is solved independently with 
appropriate method. The transition from the RCWA region to ray-tracing region is obtained by
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using a near to far field transformation. Both non-plane wave and plane wave incident cases are 
addressed, respectively.
For non-plane wave incident case, angular spectrum method is utilized to analyze the interaction 
of electromagnetic field with the periodic structuie. This method decomposes the incident field as 
a supeiposition of plane waves. Each plane wave propagates in diverse directions. Transmission 
coefficient of each plane wave is calculated by RCWA as a function of incident angles. The 
transmitted field can be found by superposing all the transmitted plane waves generated by the 
incident field.
The accuracy of the proposed hybrid method is validated by comparison with published numerical 
results. It is shown that results of the hybrid model agree with those of measurement and of FDTD 
analysis. Examples have shown that the standard ray-tracing method is inadequate to model the 
propagation thi'ough periodic structures, because it does not consider nonspecular components 
generated by periodic wall structui es. In the case o f scenarios where the specular components are 
blocked by metallic structures, the proposed hybrid model is significantly more accurate than 
standard ray-tracing method.
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Chapter 8
8 Conclusions and Future Work
8.1 Conclusions
Radio propagation modelling and channel characterization are crucial for the design and 
performance evaluation of wireless communication networks. The development o f radio 
propagation models for wireless communications is becoming increasingly important as wireless 
systems are proliferating and interference is increasing and there is a need to understand and 
predict the radio propagation mechanism in different enviromnents.
This research work started with a literature survey, which covered the basic principles of 
electromagnetic wave propagation relevant to path loss predictions in wireless communications, 
and commonly used radio propagation models for both indoor and outdoor environments. This 
process provided a brief insight into radio wave propagation in a wireless channel. The basic 
propagation mechanisms, namely reflection, transmission, scattering and diffraction were 
presented. The understanding o f propagation mechanisms, together with basic antenna parameters 
is o f great importance in order to implement a deterministic propagation model.
This work also looked into some issues related to deterministic modelling methods in radio wave 
propagation studies. Ray-tracing as a deterministic radio wave propagation model was extensively 
examined. The resulting ray-tracing simulator was used to produce signal prediction in a multi­
floor building when a simplified building structure is adopted. The developed 3D ray-tracing 
simulator is more accurate than any empirical model approach, since it accounts for all the major 
propagation mechanisms that impact coverage and were presented earlier.
Propagation tlirough common building interfaces was investigated. These interfaces include 
materials like window structures and walls. The core contribution o f this thesis lies in the 
characterisation o f complex wall structures that have periodic variation. When the wall possesses 
periodic variations, this work demonstrated that significant non-specular components can be 
generated, thus standard ray-tracing and Fresnel coefficients can be insufficient to accurately 
model the propagation through building interfaces, for coverage and interference studies. Chapter 
5 and Chapter 6 investigated and discussed thoroughly plane wave propagation through multi­
layer periodic structures, under 3D incidence case. Two rigorous numerical modelling methods
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were proposed: a) 3D modal transmission-line (3D-MTL) method and b) rigorous coupled-wave 
analysis (RCWA) method. Mathematical analysis o f the transmission and reflection 
characteristics was reported for a plane wave propagating through a range of periodic wall 
structures. Compared with previous modelling methods, such as FDTD, FEM, Modal approach 
and 2D-MTL, 3D-MTL and RCWA are efficient, accurate and generalized 3D solutions. They are 
replaceable and alternative approaches. The accuracy of the methods was examined by comparing 
the obtained results with previously published results for the reinforced concrete and concrete 
block wall cases. The penetration loss suffered thi'ough periodic wall structures currently used by 
the building industry was investigated. It was found that structures possessing periodic properties 
exhibit a non-linear variation of penetration loss, depending on the frequency, thickness and 
structure geometry. Theoretical results were compared to experimental measurements and a good 
agreement was achieved. Possible sources of error between the prediction and measurements were 
also outlined.
A hybrid model combining ray-tracing and RCWA was also proposed to accurately model radio 
propagation tluough periodic building structures. It was shown that ray-tracing method is 
inadequate for periodic walls modeling. In this hybrid method, the standard ray-tracing approach 
was modified, in order to model the effects of periodic wall structures on radio wave propagation 
in an outdoor to indoor environment. It was found that the inner structure of walls has a 
considerable influence on the path loss when predicting radio wave propagation, and the proposed 
hybrid method can improve the accuracy of standard ray-tracing methods by including the effects 
of periodic wall structures.
In this work, an effort to characterize walls of complex periodic structures and the development of 
a ray-tracing model, for propagation through periodic building interfaces was highlighted. 
Transmission and reflection characteristics o f periodic wall structures were studied by the 
proposed 3D modal transmission-line (3D-MTL) and rigorous couple-wave analysis (RCWA) 
methods. A deterministic hybrid model based on ray-tracing and RCWA was developed to predict 
large-scale path loss through periodic wall structures from outdoor to indoor environments. Such 
efficient ray-tracing methods can lead to a more accurate indoor, outdoor and outdoor to indoor 
propagation model, by taking into account the effects of any complex indoor/outdoor interfaces.
8.2 Future Work
The work carried out can be further extended in the following fields.
Extension the 2D hybrid model to a 3D hybrid model’, A  hybrid approach combining ray-tracing 
and the rigorous coupled-wave analysis (RCWA) has been presented in this work for predicting 
radio propagation through a periodic structure. Only the 2D case with different angles of
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incidence is considered for outdoor to indoor propagation. However, 3D simulations are more 
practical for waves entering buildings. Thus, the 3D oblique incidence should be included to study 
outdoor to indoor propagation through any periodic structure.
Sensitivity study o f  transmission coefficient fo r  periodic building structures: Effects of 
constitutive parameters and geometry o f structure (periodicity, thickness etc.) on reflection and 
transmission coefficient are not addressed in this work. Therefore it would be interesting to carry 
out a detailed sensitivity study to look into their impact.
Development o f  new algorithms fo r more complex environments & Measurement campaign'. The 
current hybrid model is restricted to outdoor to indoor case, however, more complicated 
environment and application should be considered in the future. For instance, in both outdoor and 
indoor scenarios, where specular and non-speuclar reflections have to be accounted for. The real 
impact of periodic wall structures in different enviromnents needs further investigation. In this 
case, the existing ray-tracing model has to be optimised and new algorithms are needed. 
Measurement campaign is necessary to validate its accuracy in different environments.
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Appendix:
Acceleration of Ray-tracing Algorithms
The ray-tracing method can be very time consuming and inefficient in a complex environment. 
Much effort has been put into the development of improved ray-tracing solutions.
There are several ways to improve the efficiency according to [16]:
■ Reducing the cost o f  intersecting a ray with the primitives used in the model. The facet 
models use the polygonal plane as a primitive. Geometrically, the facet is a very simple 
primitive so the cost of the ray-facet intersection test is reduced.
■ Reducing the total number o f  ray-facet intersection tests. The efficiency of the tests can 
be dramatically improved by discarding facets and therefore reducing the number of 
ray-facet intersection tests. The acceleration tecliniques in this category proposed by [16] 
are the following
• Binary Space Partitioning (BSP): suitable for propagation models based on the image 
method.
• Space Volumetric Partitioning (SVP): appropriate for both propagation strategies-the 
image method and the ray-launching method.
• Angular Z-Buffer (AZB): suitable for both propagation strategies [80].
■ Reducing the total number o f  rays intersected with the environments. It is possible, during 
the ray-tracing process, to estimate the contribution of a ray in the final result. In this 
case, if  the contribution is below a certain threshold level, the ray can be discarded. Hence 
the number of rays to be traced can diminish considerably.
■ Replacing individual rays with a more general entity. The tecliniques of this category 
replace the concept of a ray with a more general entity (generalised ray) that subsumes 
rays as a special (degenerate) case. The basic idea of these methods is to trace many rays 
simultaneously.
Many ray-tracing acceleration approaches can be found in the literature. A brief review of these 
techniques is given as follows.
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Ray-path searching algorithm [48;49]. In order to reduce computation time, a ray-path 
search algorithm is performed prior to any actual ray-tracing. The ray path search 
algorithm employs the visibility graph to limit the intersection test. Two main techniques 
are used to generate visibility graphs: 1) a polar sweep algorithm and 2) bounding boxes. 
The polar sweep algorithm generates different layers. The first layer includes all objects 
visible to the Tx (i.e. LOS). The second layer contains objects visible to the first layer. 
Further layers will be found in a recursive way. Bounding boxes speed up visibility graph 
computations further. When a ray is launched from the Tx, only those objects in the first 
of the visibility graph need to be tested. To determine the n^ intersection of the ray, only 
objects in the n^ layer need to be tested, thus saving computation time.
Illumination zone method. In [50-52;99], the authors proposed “Illumination zone” 
methods, which are similar to the image method. An illumination zone is the area in 
which an image can give a valid path. The fact that the illumination zones of high-order 
reflection images tend to become narrower prevents the number of images from 
increasing exponentially with the order of ray interactions in the environment.
Figure A.l Illumination zones example
In Figure A.l the illumination zone for the order image from facet 3 is shown. Only in 
this area are single reflection paths from facet 3 valid. It is thus apparent that if the 
observation point lies inside the illumination zone, a ray path reflected from facet 3 exists. 
S. Fortune in [54] uses a simplified illumination zones algorithm to predict radio coverage 
inside a building. H.W. Son and N. H. Wyung in [46] present an approach similar to the 
illumination zones, called ray tubes, which are not to be confused with the ray tubes in 
SBR algorithm. This method is used for outdoor microcell scenarios, ignoring though 
diffraction over rooftops. Finally in [55], an extension of the technique, the method of 
regions, is presented, which is fully three dimensional, considering illumination volumes
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instead of illumination areas. The algorithm was run on a parallel machine to enable fast 
computational time.
Dimension reduction method. To achieve efficient ray-tracing procedures and retain 
acceptable accuracy, ray-tracing algorithms may be carried out in partial 3D. When the 
heights of buildings are higher than the Tx in microcells, over roof propagation may be 
neglected. In this case, a three-dimensional environment could be projected to 2D 
structures and computation time is significantly faster [53]. Similarly, in [51], 3D rays are 
produced by combining the results of 2D ray-tracers, one in the horizontal and the other 
in the vertical plane. In indoor studies [45] the results of a 2D ray-tracing model are used 
in order for 3D ray-tracing to be applied later. The model is based on 2D ray-tracing on 
the projection plane where transmitter, receiver and walls are projected. This approach is 
acclaimed by the authors to be more efficient than usual 3D ray-tracing and more accurate 
than the usual 2D.
Space division method. In [56;57], the authors use the space-division method to improve 
the performance. The basic idea is to first create a grid (rectangulai’ or triangular) in the 
propagation environment, and then establish a lookup table registering objects residing in 
each grid cell. When a ray is launched, it is traced in the grid. For each grid the ray is 
traversing, the lookup table is checked to see if  any objects reside in the grid. If yes, the 
ray is tested to see if it intersects with these objects. If  any object is hit, a 
reflected/transmitted/diffracted ray will be created and new rays will be traced further.
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